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NOTICE 

This  report  was  prepared  as  an  account  of  v/ork  sponsored  by  the  Energy 
Division  of  the  Montana  Department  of  Natural  Resources  and  Conservation 
through  the  Alternative  Renewable  Energy  Sources  Program.  Neither  the  State 
of  Montana,  nor  the  Department,  nor  any  of  their  employees,  nor  any  of  their 
contractors,  subcontractors,  or  their  employees,  make  any  warranty,  ex- 
pressed or  implied,  or  assumes  any  legal  liability  or  responsibility  for 
the  accuraxjy,  completeness  or  usefulness  of  any  information,  apparatus,  pro- 
duct or  process  disclosed,  or  represents  that  its  use  would  not  infringe 
privately-oraed  rights. 


NOTE  ON  UNITS 

The  test  results  in  this  report  are  given  in  metric  or  SI 
units.  This  convention  corresponds  to  current  professional 
practice  and  is  in  accord  with  the  recommendations  of  the 
International  Solair  Energy  Society  and  most  technical  journals. 

Most  readers  are  familiar  with  the  Celsius  or  Centigrade 
temperature  scale  (®C)  and  with  power  measured  in  kilowatts  (id/). 
The  metric  unit  of  energy  is  the  Joule  (j).  Most  energy  quanti- 
ties in  this  report  are  expressed  in  mega.joules  (MJ)  which  is 
10^  joules  or  a million  joules  (1,000  BTU  = 1 kBTU  = I.05  Mj). 

Since  one  MJ  is  about  one  thousand  BTU*s,  a furnace  with  a 
rating  of  100  thousand  BTU/hour  would  be  rated  at  about  100  Mj/hour. 
This  approximate  conversion  will  be  useful  to  the  reader 
accustomed  to  thinking  in  thousands  of  BTU. 

Other  abbreviations  included  in  this  report  are:  1 = liters, 
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m = meters,  m = square  meters  and  Idlh  = kilowatt  hoiirs. 


ABSTRACT 


This  project  is  located  near  Bozeman,  Montana  and  is  a 
retrofit  to  an  existing  house.  The  house  and  the  solar  system  were 
designed  by  David  Leavengood  and  Drapes  Engineering.  The  solar 
system  consists  of  active  air  collectors  combined  with  rock  bin 
storage  housed  in  a small  structure  near  the  residence.  A heat  pump 
connects  the  solar  system  thermally  to  the  house.  The  motivation 
for  this  design  was  to  combine  the  solar  collector,  an  efficient 
producer  of  low-grade  heat,  to  a heat  pump,  an  efficient  user  of 
low-grade  heat. 

The  solar  collectors  were  penalized  due  to  shading  from  trees 
on  the  site  which  reduced  the  solar  radiation  by  approximately  4C^» 

The  solar  heated  air  available  to  the  heat  pump  averaged  only  3.6  °C 
above  ambient  temperatures.  Heat  losses  from  the  remote  building 
and  the  lines  leading  from  the  heat  pump  have  further  reduced  the  system 
efficiency.  The  auxiliary  electrical  energy  consumed  to  operate  the 
system  (heat  pump,  compressor,  fans,  etc.)  was  greater  than  the  solar 
heat  collected.  The  efficiency  of  this  system  would  be  improved  if: 

(a)  the  collectors  were  exposed  to  more  solar  radiation  and  (b)  the 
control  system  were  altered.  The  average  temperature  of  the  house 
during  the  monitoring  period  was  14*9  (58*8  °F) . 

SOLAR  COLLECTOR 

Type:  Active  air  (with  series 
heat  pump) 

Manufacturer:  Sun  VJorks 
Aperture  Area:  17*46  m^  ( 188  ft^) 

Glazing:  Double,  glass 
Fluid:  Air 

Flow  Rate:  5*83  m^-min-l 
Tilt:  59° 

Azimuth:  30°  VJest  of  South 

STORAGE  SYSTEM 


AUXILIARY  HEAT 

Type:  Forced  air 
Manufacturer:  Carrier 
Fuel:  Electric 
Capacity:  100  MJhr"^ 

Fireplace:  I5  MJhr“^ 

BUILDING 

Type:  Mood  frame,  two  stoiy 
Floor  Area:  I48  m^  ( I6OO  ft^) 
Calc.  Loss  Factor:  1.1  MJhr”'  ^C" 


Material:  Rock  bin 
Volume:  3*99 
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1.0  INTRODUCTION 

This  project  is  a retrofit  of  a solar  assisted  heat  pump  to  an 
existing  residence.  The  project  is  located  about  20  kilometers  north  of 
Bozeman.  The  house  and  the  solar  system  were  designed  by  Dave  Leavengood 
and  the  house  is  occupied  by  his  family.  The  system  has  been  operational 
since  December,  1979*  Seventy-one  days  of  valid  performance  data  were 
collected  on  this  system  during  the  winter  of  1979'-80» 

2.0  DESCRIPTION  OF  HOUSE  AND  SOLAR  SYSTEM 

Figure  1 shows  a photograph  of  the  solar  collectors  and  the  house. 
The  collectors  are  mounted  on  a detached  building  situated  about  8 m 
southwest  of  the  house.  The  active-air  collectors  have  a total  aperture 
area  of  17»5  a tilt  of  59°  an  azimuth  of  30®  west  of  south.  The 

shading  diagram  in  Figure  1 shows  that  the  collectors  are  shaded  lantil 
almost  noon  during  the  winter  season.  A tree  southv;est  of  the  collectors 
shades  the  collectors  between  3:00  and  4:00  p.m.  in  the  winter.  The 
photograph,  taken  in  the  afternoon,  also  shows  the  effect  of  this 
shading. 

The  house  is  a two-story,  wood-frame  structure  having  a floor 
area  of  I48  m^,  Figures  2 and  3.  Auxiliary  heat  is  supplied  to  the 
house  by  an  electric  furnace  and  a wood  burning  fireplace.  The  heat 
loss  calculations  for  the  Leavengood  house  are  shown  in  Table  1.  The 

.j 

house  has  an  overall  loss  coefficient  of  1.1  MJhr"*^  ®C’’  . 

Section  drawings  of  the  building  containing  the  solar  collectors  and 
solar  system  are  shown  in  Figure  4.  The  schematic  of  the  solar  system 
shown  in  Figure  5 is  helpful  in  understanding  the  operation  of  this 
system.  VJhen  the  sun  shines  on  the  collector,  a differential  thermostat 
simultaneously  turns  on  blower  #1  and  opens  damper  #2.  VJhen  the  house 
thermostat  calls  for  heat,  blower  #2  and  the  heat  pump  are  turned  on, 
and  damper  #1  is  opened. 

The  heat  pump  is  situated  in  the  middle  of  the  floor  of  the  small, 
attached  building,  which  acts  as  a pleniun  chamber.  Figure  4.  If  the 
solar  collectors  are  operating  and  the  house  is  not  calling  for  heat, 
the  solar  heated  air  is  circulated  through  the  pebble  storage  located 
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under  the  floor.  If  the  solar  collectors  are  operating  and  the  house 
simultaneously  calls  for  heaty  the  solar  heated  air  bypasses  the 
pebble  bin  storage  and  is  circulated  by  blower  #2  directly  through 
the  plenum  containing  the  heat  pump.  If  the  soleir  collectors  are  not 
operating  and  the  house  calls  for  heat,  blower  #2  and  damper  #1  and  the 
heat  pump  turn  on  simultaneously  and  air  is  circulated  through  the  rock 
bin  storage  and  the  plenxim. 

Refrigerant  circulates  from  the  heat  pump  through  underground 
insulated  pipes  to  a heat  exchanger  coil  located  within  the  electric 
auxiliary  furnace,  Figure  5»  There  is  a two-stage  thermostat  located  in 
the  house.  The  first  stage  turns  on  the  furnace  fan  and  the  heat  pump 
system  and  the  second  stage  adds  the  avixiliary  electric  coils  in  the 
furnace. 

The  photograph  in  Figure  6 was  taken  inside  the  plenum  chamber 
and  shows  the  heat  pump,  the  collector  fan  and  motorized  damper,  and  the 
rock  bin  fan  and  motorized  damper.  Figure  7 has  photographs  of  a portion 
of  the  auxiliary  furnace  and  shows  the  wood  burning  fireplace. 

3.0  INSTRUMENTATION  LAYOUT  AND  MEASUREMENTS 

The  data  acquisition  system  used  for  monitoring  this  project  is 
described  in  Appendix  II.  The  transducer  arrangement  is  shown  on  the 
schematic  drawing  of  the  solar  system  and  house  in  Figure  5*  Solar 
radiation  was  measured  ly  a transducer  mounted  in  the  plane  of  the 
collectors  at  the  center  of  the  collector  array.  The  ambient  air 
temperature  was  monitored  in  a shaded  location  on  the  north  side  of  the 
equipment  building. 

Temperatures  within  ducts  were  measured  by  a rake  of  three  probes 
connected  to  (electrically)  average  the  temperature  of  the  air  at  that 
particular  station.  Air  temperatures  were  measured  at  the  inlet  and 
outlet  of  the  solar  collectors  and  at  the  inlet  and  outlet  of  the  rock 
heat  storage  bin.  Two  sets  of  probes  situated  at  the  inlet  and  outlet  of 
the  auxiliaiy  furnace  measured  the  temperature  rise  of  air  flowing  through 
the  fUmace,  Figure  7(a).  Note  that  these  furnace  probes  will  respond  to 
temperature  rises  due  to  the  combined  effect  of  the  heat  pump  coil  and 
the  auxiliary  electric  coil.  Status  relays  were  connected  to  the  furnace 
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fan,  the  collector  fan  and  the  rock  bin  storage  fan.  Electric  pov/er 
delivered  to  the  furnace  coils  and  to  the  hot  water  heater  was 
measured  with  clamp-on  ammeters.  The  three  status  rela^^s  combined  with 
the  auxiliary  electric  ammeter  served  to  define  the  mode  of  operation 
of  the  furnace  system. 

There  were  two  temperature  probes  in  the  house  to  sample  room 
temperature.  One  probe  was  located  near  the  furnace  thermostat  and 
a second  probe  was  located  between  the  living  room  and  the  kitchen.  A 
temperature  probe  was  attached  to  the  outside  of  the  metal  chimney  from 
the  fireplace.  The  readings  of  this  probe  reflect  the  intensity  of 
the  fire  in  the  fireplace. 

Tables  2 and  3 present  the  Transducer  Log  and  outline  the  vsiriables 
measured  on  site.  Note  that  the  data  acquisition  system  was  programmed 
to  calculate,  on-line;  (a)  the  heat  output  of  the  furnace  in  its  various 
modes,  (b)  the  collector  output,  (c)  the  collector  efficiency  and 
(d)  the  rock  bin  output. 

The  air  flow  in  the  solar  collector  and  furnace  system  was 
measured  by  mapping  the  cross-section  using  a hot-wire  anemometer.  Figure  8. 
The  solar  collector  duct  and  rock  bin  duct  v/ere  mapped  for  the  tv/o 
combinations  of  fan  status.  These  flov;  measurements  were  appropriately 
entered  into  equations  in  the  on-site  DAS  as  constants.  The  status 
switches  on  fan  //I  and  fan  //2  served  to  inform  the  DAS  of  the  appropriate 
flow  constant  to  use  to  calculate  the  heat  exchange,  for  that  mode. 

The  collector  flow  rate  was  judged  adequate  for  this  system.  The  map 
of  flow  through  the  auxiliary  furnace  is  shown  in  Figure  9* 

4.0  PRESENTATION  OF  DATA 

Efficiency  curves  of  the  solar  collectors  is  shown  in  Figure  10 
and  compared  to  a reference  curve  for  this  type  of  collector.  The 
experimental  points  are  seen  to  be  scattered  around  the  expected  curve. 

This  scatter  is  probably  related  to  the  shading  of  the  collectors.  Since 
the  collectors  were  only  exposed  to  two  to  three  hours  of  sun,  it  was 
difficult  to  find  periods  during  which  the  collectors  were  at  thermal 
equilibrium. 

The  hourly  raw  data  from  the  site  was  processed  and  condensed  into 
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the  format  shovm  in  Table  4.  The  hourly  data  for  the  entire  monitoring 
project  is  included  in  Appendix  I.  Table  4 shows  data  for  January  29i  1980f 
and  will  be  discussed  as  an  example  to  explain  the  calculation  procedures. 

The  first  colvimn  shows  the  hour  of  the  day  starting  at  midnight. 

The  second  column,  SOLAR  AVAIL,  shows  the  total  solair  energy  intercepted 
by  the  collector  array  in  megajoules.  This  niamber  is  calculated  by 
multiplying  the  solar  flux  per  unit  area  by  the  total  area  of  the  solar 
collector.  The  second  column  is  the  collector  output,  COLL  OUTPUT.  The 
output  is  calculated  by  multiplying  the  temperature  difference  across 
the  collectors  by  the  flow  rate  any  time  the  collector  fan  is  on. 

Inspection  of  the  data  in  Table  4 shows  that  the  collector  receives 
little  radiation  until  noon  due  to  the  shading  discussed  previously. 

Between  noon  and  1:00  p.m.  (1300  hours),  the  collector  turns  on  and 
begins  delivering  heat.  The  maximum  amount  of  heat  is  delivered  between 
2:00  and  3:00  p.m,  after  which  heat  output  falls  off  due  to  the  afternoon 
shading  and  the  reduced  solar  intensity.  The  collector  is  seen  to  cycle 
on  briefly  throughout  the  evening.  We  believe  this  unexpected  behavior 
is  due  to  reverse  flow  in  the  solar  collector  loop  due  to  natural  or 
forced  convection  through  leaking  dampers.  This  reverse  flow  would  warm 
the  thermostat  probe  in  the  collector,  causing  the  differential  thermo- 
stat to  turn  on  the  collector  fan.  Shortly  after  the  fan  v;as  turned  on, 
the  probe  on  the  collector  plate  would  cool  and  the  fan  would  turn  off. 

The  effect  of  this  cycle  is  to  produce  a net,  small,  negative  heat  flow 
out  of  the  system. 

The  next  item,  labeled  STORE  OUTPUT,  is  solar  heat  delivered  from 
the  storage  or  the  solar  collectors  directly  to  the  plenum  chamber 
containing  the  heat  pump.  The  next  three  columns  record  heat  delivered 
to  the  house  by  the  auxiliaiy  furnace.  The  furnace  can  operate  in  three 
modes:  heat  pump  only,  HPUMP  ONLY;  heat  pump  and  electric,  HPUMP  &ELECT; 
and  electric  only,  ELECT  ONLY.  These  heat  quantities  were  all  calculated 
by  multiplying  the  temperature  difference  across  the  auxiliaiy  furnace 
by  the  mass  flow  and  specific  heat  of  the  air.  The  on-site  DAS  decides 
in  which  category  to  place  the  heat,  depending  on  the  condition  of  the 
status  switches. 
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For  comparison,  the  furnace  electrical  input,  FURN  INPUT,  is 
calculated  from  the  reading  of  the  clamp-on  ammeter  located  on  the 
furnace  electrical  supply.  FURN  INPUT  is  shovm  in  a column  on  the 
right  hand  side  of  the  table.  During  the  early  morning  hours,  the 
house  is  being  heated  exclusively  by  the  electric  coils  in  the  furnace. 
Note  that  the  hourly  heat  flov;  quantities  appearing  under  ELECT  ONLY  and 
the  independently  measured  FURN  INPUT  agree  to  within  the  accuracy  of 
the  respective  measurements.  This  agreement  adds  confidence  to  our 
method  of  measuring  the  heat  pump  output  of  the  furnace  using  the 
temperature  difference  and  flow  measurements  on  the  furnace.  The 
data  in  Table  4 shov;s  that  during  the  afternoon  the  heat  piimp  is 
supplying  much  of  the  heat  to  the  house.  Comparison  of  STORE  OUTPUT 
and  HPUl'lP  ONLY  during  the  afternoon  suggests  that  some  solar  heat  is 
being  lost  due  to  the  envelope  losses  of  the  plenum  chamber. 

Heat  output  from  the  fireplace,  FIRE  PLACE,  v/as  calculated  using 
an  approximate  equation  based  on  the  temperature  of  the  fireplace  flue 
probe  as  compared  to  the  house  aii‘  temperature.  Internal  gains  due  to 
dissipations  from  light  bulbs  & stoves  v;as  set  at  5*76  MJ  per  hour. 

This  constant  average  value  v/as  based  on  readings  of  the  utility  meter 
after  furnace,  water  heater  and  heat  pump  power  were  deducted.  The 
measured  dissipation  of  the  electric  hot  water  heater  was  considered  as 
a heat  input  to  the  house  and  is  listed  in  the  column,  WATER  HEAT, 

All  of  the  heat  gains  from  the  furnace  and  from  the  fireplace  and 
internal  electrical  dissipation  are  added  together  and  listed  in  the 
column,  SUI'I  INPUT.  This  coliunn  can  be  compared  v;ith  the  next  column, 
labeled  HOUSE  LOAD,  v/hich  is  calculated  by  multiplying  the  calculated  load 
factor  in  Table  1 by  the  measured,  hourly  average  temperature  difference 
across  the  envelope.  The  comparison  of  SUI-'I  INPUT  and  HOUSE  LOAD  provides 
another  test  of  the  reasonableness  of  the  energy  data  for  this  project. 
Transient  effects  combined  with  errors  in  the  measurements  produce 
fluctuations  in  the  hourly  agreement.  These  fluctuations  normally  tend 
to  average  out  in  the  daily  totals  shown  at  the  bottom  of  the  table. 

The  next  six  columns  show  average  temperatures  of  the  house  and 
the  ambient  air  along  with  other  temperatures  within  the  solar  system. 
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The  colxunn  labeled  ROOM  TEMP  is  the  temperature  of  the  plenum  chamber 
or  the  room  where  the  heat  pump  is  located.  The  temperature  of  this 
room  is  seen  to  get  up  to  almost  freezing  at  3s00  p.m,  due  to  the  solar 
input  on  this  very  cold  day. 

To  move  the  solar  heat  from  the  plenum  chamber  to  the  house, 
electricity  must  be  supplied  to  the  heat  pump  fan  and  compressor  and 
to  the  rock  bin  fan  (blower  #2),  This  electric  power  is  added  together 
and  shown  near  the  end  of  the  table,  labeled  AUX  POV/ER,  Comparison  of 
the  auxiliary  power  used  by  the  heat  pump,  AUX  POV/ER,  to  the  heat  pump 
energy  delivered  to  the  house  on  this  day,  H.P,  OUT,  shows  that  the 
system  consumed  approximately  twice  as  much  energy  as  is  delivered  to 
the  house.  The  final  column,  H.P.  OUT,  is  calculated  by  subtracting 
FURN  INPUT  from  the  sum  of  the  furnace  heat  outputs.  The  small  numbers, 
sometimes  negative,  in  this  column  reflect  two  things:  (a)  errors  in 
the  measurements  and  (b)  electric  power  used  to  run  the  fumane  fan,  which 
appears  as  a penalty  on  the  heat  pump  output.  If  this  (pessimistic) 
niunber  is  used,  the  heat  pump  output  is  seen  to  be  only  about  I/4  of 
the  auxiliary  power  put  into  the  heat  pump. 

The  bottom  line  of  this  hourly  data  table  shows  the  totals  of  all 
energy  quantities  and  the  average  of  all  temperature  quantities.  On  this 
day,  the  collectors  delivered  about  33^  of  the  incident  solar  radiation 
to  the  plenum  chamber.  The  collector  auxiliary  power,  the  power  to  run 
the  electric  fan,  was  about  12  MJ,  which  gives  a coefficient  of  performance 
for  the  collector  of  6.0.  The  data  shoves  that  the  heat  p\imp  (apparently) 
delivered  most  of  this  solar  energy  to  the  house.  Unfortunately,  to  move 
the  approximately  'JO  MJ  of  solar  heat  to  the  house  required  an  investment 
of  124  MJ  of  electricity.  This  results  in  a system  coefficient  of 
performance  of  less  than  0,5»  Since  an  electric  resistance  heater  has 
a coefficient  of  performance  of  1.0,  it  is  clear  that  on  this  day  the 
solar  system  increased  the  energy  use  of  the  house  by  about  'J%. 

The  daily  average  data  for  the  entire  monitoring  period  is  shown  in 
Tables  5 6,  The  data  is  further  summarized  in  Table  7»  which  focuses 

on  the  solar  system.  The  test  period  covers  71  data  days  between  mid- 
December  and  the  end  of  February, 
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The  total  solar  radiation  striking  the  collector  during  this 
period  was  8,810  MJ.  During  the  monitoring  period,  the  collector 
fan  absorbed  385  KJ  of  electricity  and  the  collector  delivered 
2,563  MJ  of  solar  heat  to  the  plenum  chamber  and  rock  storage.  The 
gross  collector  efficiency  is  thus  26,95^,  If  the  collector  output 
is  reduced  by  the  energy  required  to  run  the  fan,  the  net  average 
collector  efficiency  is  26^,  The  coefficient  of  performance  of 
the  collector  is  the  solar  heat  delivered  by  the  collector  divided 
by  the  electrical  energy  required  to  run  the  fan.  For  the  monitoring 
period  the  collector  COP  was  6,65. 

It  is  estimated  that  the  shading.  Figure  1 , reduced  the  solar 
radiation  available  to  the  collectors  by  at  least  40^.  The  effect 
of  this  shading  was  to  severely  reduce  the  collector  output,  efficiency 
and  coefficient  of  performance.  If  this  same  solar  system  had  been 
placed  at  an  unshaded  location,  the  collector  output  would  probably 
have  doubled  and  the  coefficient  of  performance  would  have  been  about 
10,0, 

The  auxiliary  energy  column  shows  that  the  electrical  power  to 
run  the  heat  pump  and  its  associated  fans  totaled  10,125  MJ,  The  solar 
heat  collected  during  this  period  was  about  2,563  MJ,  If  vie  assume  that 
the  heat  pump  delivered  all  of  this  heat  to  the  house,  the  coefficient 
of  performance  of  the  total  system  is  0,25,  This  means  that  the  electrical 
energy  would  be  more  efficiently  used  in  the  furnace  than  to  run  the 
solar  system.  This  poor  performance  is  partially  due  to  the  fact  that 
the  room  temperature  or  plenvun  temperature  was  only  3*6  °C  above  ambient 
temperature  during  the  monitoring  period.  Inspection  of  the  hourly 
data  in  Appendix  I shows  that  quite  often  the  heat  pump  v;as  reducing 
the  temperature  of  the  plenum  room  below  ambient  temperature;  a very 
inefficient  mode  of  operation.  These  instances  are  flagged  in  the  Table 
by  a letter  “S"  appearing  on  the  exti'cme  right  of  the  Table, 

Table  8 summarizes  the  overall  performance  of  the  house  during  the 
monitoring  period.  These  data  show  that  the  fireplace  supplied  265^  of 
the  heat  required.  The  heat  pump  vjas  delivering  solar  heat  to  the 
house  as  well  as  heat  pumped  from  the  atmosphere.  From  the  data  in 
Table  7i  it  appears  that  the  solar  contribution  to  the  total  heat  load 
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of  the  house  is  less  than  IQffo,  This  leaves  about  of  the  heat 
supplied  to  the  house  by  various  forms  of  electrical  dissipation. 

Tables  9 cmd  10  show  heating  degree-day  data  and  monthly  utility 
records  of  electric  power.  This  data  is  graphed  in  Figure  1 1 and  the 
points  on  the  graph  have  been  identified  as  "before  solar  system" 
and  "after  solar  system".  The  first  observation  from  this  graph  is 
that  there  is  considerable  scatter  to  the  points  and  that  the  "before" 
and  "after"  points  are  mixed.  For  reference,  two  curves  are  drawn 
on  this  graph  and  labeled  "before"  and  "after".  These  curves 
illustrate  the  trend  that  would  be  expected  in  an  ideal  test  situation 
if  the  solar  system  was  contributing  12^  toward  heating  the  house.  The 
scatter  in  these  points  could  be  due  to  changes  in  living  habitsj  for 
example,  thermostat  set  points  and  the  extent  to  which  wood  heat  was 
used.  The  data  on  this  graph  does  not  conclusively  show  a solar 
contribution. 

5.0  F-CHART  PERFORMANCE  PREDICTION 

An  f-chart  performance  analysis  was  run  on  the  Leavengood  system 
in  order  to  compare  some  of  the  measured  results  with  performance 
predictions.  The  solar  data  base  used  in  this  analysis  is  based  on 
measurements  made  in  Bozeman  as  part  of  the  Solar  Insolation  Measurement, 
Montana  (SIMM)  Program.  The  solar  radiation  input  used  in  the  analysis 
was  reduced  by  40^  to  account  for  the  shading  of  the  Leavengood  collector. 
No  adjustment  was  made  on  the  temperatures  or  degree-days.  This  analysis 
does  not  include  any  beneficial  or  detrimental  effects  of  the  heat 
exchanger  linking  the  solar  system  to  the  house.  The  analysis  assumes  a 
"typical"  active  air  solar  system  coupled  directly  to  the  house.  The 
results  of  this  analysis  are  shown  in  Table  11. 

The  f-chart  analysis  predicts  an  annual  heat  load  of  32,867  ki/h. 

This  prediction  agrees  to  v/ithin  a few  percent  of  the  actual  utility 
electrical  data  for  1978  and  1979  shown  in  Table  10.  The  f-chart 
prediction  for  solar  energy  added  to  the  house  for  the  months  of 
December,  January  and  February  (adjusted  for  partial  months)  is  2,500  MJ. 
The  measured  collector  output  during  the  monitoring  period,  shown  in  Table 
7,  is  2,563  MJ.  The  average  daily  solar  radiation  during  the  monitoring 
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period  was  measured  at  1,84  the  f-chart  analysis  used  an 

—2 

average  of  I.67  Id/h-m  . The  average  ambient  temperature  measured 
at  the  site  was  -4«5  v;hich  is  identical  to  the  average  ambient 
temperature  used  by  the  f-chart  analysis  for  this  period* 

These  results  indicate  that  the  f-chaxt  analysis  is  quite  adequate 
for  predicting  the  total  house  load  and  the  collector  output,  providing 
the  shading  of  the  collector  is  accoiuited  for*  A second  run  was  meide 
with  f-chart  to  determine  the  solar  contribution  with  no  shading.  These 
results  showed  the  40^  reduction  in  solar  radiation  on  the  collectors 
(due  to  shading)  produced  a 60^  reduction  in  solar  heat  during  the 
monitoring  period.  The  analysis  shows  that  the  annual  contribution 
of  the  shaded  collector,  coupled  directly  to  the  house,  would  be 
175^  of  the  total  heat  load*  The  same  collector  sited  in  an  unshaded 
location  and  coupled  directly  to  the  house  would  contribute  32^  of  the 
annual  heat  load* 
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TABLE  1 


LEAVENGOOD  HOUSE  HEAT  LOAD 

R 

U 

Area 

U X A 

(Btu/hr  ft^  °P) 

(sq.  ft.) 

Ceiling 

23 

.043 

1051 

46 

♦Floor 

26 

.038 

946 

36 

Walls 

14 

.071 

1882 

135 

Windows 

1.72 

0.58 

366.4 

212 

♦Infiltration: 

16565 

ft^  X i X 0.18 

149 

578  B-tu/hr  °P 
or 

1.1  Mj/hr  ®C 


space  correction:  +6 
♦♦Assuming  air  change/hour 


TABLE  2 
TRANSDUCER  LOG 


i.v.LVT^r.noT)  wnTCT. 


DISK  # 

RS  if 

PROBE  rf 

TYPE 

LOCATION  AND  MOUNTING 

1 

1 

1 

S 

Solar  Transducer:  Moimted  on  face  of  collectors 

2 

2 

P 

Pumace 

3 

3 

P 

Water  Heater 

Not 

Saved 

5 

relay 

ST 

Pumace  Pan  Status 

Not 

Saved 

6 

(ST) 

Calc.  Element  Status 

4 

7 

Hg 

ST 

Pan  #l/Damper  #2  Status: 

Hg  switch  mounted  on  armature  of  Damper  #2 

5 

8 

Hg 

ST 

Pan  #2/Daraper  #1/^eat  Pump  Status: 

Hg  switch  mounted  on  armature  of  Damper  #1 

6 

9 

C 

Pumace  - hoth:  Calculated  heat 
output  when  electric  and  H.P.  are  hoth  on 

7 

10 

c 

Pumace  - only  H.P.: 

Calculated  output  when  only  H.P.  is  on 

8 

11 

c 

Pumace  - only  electric: 

Calculated  output  when  only  electric  is  on 

9. 

13 

c 

Collector  Output 

10 

14 

c 

Collector  Efficiency 

11 

15 

c 

Rock  Bin  Output 

12 

17 

20 

T 

Living  Room:  Shaded,  2m  above  floor 

12 

18 

8 

T 

Rear  House:  Near  thermostat 

13 

20 

36 

T 

On  flue  collar  of  Fireplace 

14 

25 

11 

T 

1m  above  heat  pump  in  Equipment  Room 

15 

26 

14 

T 

Beneath  Pan  #1 

Not 

Saved 

29 

31 

T 

Ref.  to  House 

Not 

Saved 

30 

21 

T 

Ref.  to  Heat  Pump 

12 

TYPES: 

S - SOLAR 
T - TEI'IP 
DT  - DUCT  TEMP 
ST  - STATUS 
P - POTER 


TYPES; 

S - SOLAR 
T - T5:i  lP 
DT  - DUCT  TEI'IP 
ST  - STATUS 


TRA1I3DUCER  LOG 
CONTINUED 

LEAVENGOOD  HOUSE 


DISK  rf 

RS  // 

PROBE  7f 

TYPE 

LOCATION  AIID  MOUNTING 

16 

32 

6 

T 

Ambient:  Mounted  on  north  side  of 

Collector  Building  2,5m  above  the  ground 

17 

33 

58 

69,  70 

DT 

Furnace  In; 

Averaging  set  located  in  return  air  duct 

18 

34 

60 

68,  71 

DT 

Ihimace  Out; 

Averaging  set  located  in  hot  air  duct 

19 

37 

13 

17,  18 

DT 

Into  Panels;  Averaging  set  located  in  the  inlet 
duct  to  the  Collectors  at  the  outlet  of  Blower  #1 

20 

38 

10 

67,  72 

DT 

Out  of  Panels;  Averaging  set  located  in  the 
outlet  duct  of  the  Collectors 

21 

39 

59 

61,  62 

DT 

Rock  Bin  Inlet;  Averaging  set 
located  in  duct  from  Plenum  to  Rock  Bin 

22 

40 

64 

65,  66 

DT 

Rock  Bin  Outlet: 

Averaging  set  located  in  duct  to  Plenum 

• 
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TABLE  4 

SAMPLE  HOURLY  DATA 


DAIl.Y  Prf^rOiviiiN’CE  SiXi-IAR'  THz  LcHvc^'t'ilJIi  HliSc  1/  2? 


sa.Av 

Cull 

STl|9E 

HPUi? 

cLcCT 

FIRE 

yATFR 

SiJiI 

fj  T 1*  ••  n.^r.14 

hJjoc.  nJJ3"  H13I  ruJc  mui  nu--,^ 

r**v»'* 

rJ’j^ 

Ajy 

H.r . 

AVAIL  OjTPiTi 

OJ  i Pin 

C.-.Y  iELECr 

g:-iy 

PLACE 

HEAT 

LCA!) 

TE17  TEiV  lEnr  TErlr'  Blft  CTLEi 

lUrDT 

ro:i-:R 

M»«»* 

LJI 

(HJ) 

(fiJ) 

inJ ) 

(HJ) 

(W) 

( rij ) 

(riJ) 

(HJ) 

(Hi) 

iM) 

(D)  (L)  (C)  (C)  (C)  (C) 

(ilJ) 

(iij) 

( (iJ ) 

1 

.0 

.0 

.0 

.c 

.0 

27.1 

e.4 

2.2 

43.4 

39.0 

12.8  -26.2  -20.5  -11.8  -8.9  -11.1 

27.0 

«0 

.1 

2 

*0 

.0 

.0 

.0 

.0 

20.2 

7.1 

.3 

33.4 

33.9 

4 M »»  M # p AF.  -r  MM  ll.f 

1*1  ij  "iO*j  “0*0  “Il*3 

20.7 

.0 

-.6 

3 

.0 

.0 

.0 

.G 

.0 

19.5 

7.2 

2.2 

34.6 

39.5 

*M  t M»  fj  AM  F*  AM  •»  MM  * < ir 

1*1  fO  "i*:*/  "liiiO  "04-0  “ii^j 

20.0 

.0 

-.6 

4 

.0 

.0 

A 

.V 

.G 

A 

.‘J 

17.4 

9.5 

.3 

33.0 

40.0 

13.0  -27.0  -20.5  -12.2  -8.7  -11.5 

17. 0 

.0 

.4 

5 

.0 

.0 

»v 

A 

tJ 

.0 

31.1 

12.5 

.3 

49.6 

40.4 

iJ.O  -i/J'H  -I/.O  -li.7'  -0./  -li.t 

31.3 

.0 

i 

.0 

.0 

.0 

.0 

.c 

33.6 

12.3 

2.3 

54.1 

41,1 

13.2-27.9-13.5-12.0  -8.6-11.4 

o4.4 

.0 

M 

“»0 

7 
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TABLE  9 

BOZEMAN  DEGREE  DAY  DATA 
(Degrees  Celsius) 
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Month 

Long-Term 

Average 

1978 

1979 

Degree  Days 

Ratio 

Degree  Days 

Ratio 

January 

762 

733 

.96 

999 

1.31 

February 

614 

597 

.97 

618 

1.00 

March 

596 

473 

.79 

546 

.92 

April 

377 

330 

.87 

377 

1.00 

May 

238 

261 

1.11 

230 

.97 

June 

128 

99 

.77 

93 

.73 

July 

25 

32 

1.28 

11 

.44 

August 

38 

46 

1.21 

22 

.58 

September 

160 

142 

.89 

58 

.36 

October 

322 

285 

.88 

261 

.81 

November 

542 

705 

1.30 

606 

1.12 

December 

682 

825 

1.20 

550 

.81 

TOTAL 

4484 

4528 

1.01 

4371 

.97 

20 


TABLE  10 

MONTHLY  UTILITY  RECORDS  OP  ELECTRIC  PCfrJER 


1M 

mi 

1280 

IcHh 

Wh 

RWh 

Januaiy 

5408 

6656 

3441 

PeLruary 

4576 

4823 

4210 

March 

3919 

3963 

2801 

April 

2304 

2949 

2047 

Ma^ 

2079 

2396 

1050 

Jxme 

1780 

1232 

1126 

July 

1093 

980 

1145 

August 

1145 

1092 

Septemher 

1432 

1054 

October 

1884 

1131 

November 

3040 

3061 

December 

5347 

3620 

F-CHART  PREDICTION  OP  PERFORMANCE 
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Figure  1:  Photograph  of  Leavengood  Solar  System  and  Shading  Diagram 
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Figure  3:  Elevation  View  of  Leavengood  House  • ! 


\<o' 


26 
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Figure  4;  Elevation  Viev/  of  Solar  System  and  Heat  Pump 
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Figure  5i  Schematic  of  Solar  System  Showing  Transducer  Layout 
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@ Heat  p\imp 

@ Rock  bin  outlet  (fan  #2) 

Collector  outlet  duct  temperature 
Motorized  damper 
Collector  inlet  and  fan 
@ Rock  bin  inlet 


Figure  6:  Photographs  of  Solar  System~i 
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(a)  Temperature  probes  in  auxiliary  furnace  inlet  duct 


Figure  7:  Photographs  of  Auxiliary  Heating  Systems 
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COLLSCTOn  OUTLET 


Fan  1 on,  Fan  2 off 


• • • 

• 

• 

1.95  1.9  1.7 

1.6 

1.3 

• • • 

• 
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1.9  1.65  1.4 

1.5 

1.3 

• • • 

• 

• 

1.7  1.6  1.4 

1.4 

1.2 

Avg.  Velocity  = 1.57  o^/bbc 
Flow  » 5»63  m^/min 


Fan  1 on,  Fan  2 on 
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Avg.  Velocity  * 2. 15  m^sec 
Flow  ■ 7*98  ra^/min 


ROCK  BIN  INLET 
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Average  Velocity  ■ 1,35  a} /sac 
Flow  « 16.92  a}/ain 


Figure  8;  Air  Flow  in  Solar  Collector  System 
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58  c m 


Average  Velocity  « 2.1 85  m/sec 
2 

Area  = 0.297  ra 

Plow  Rate  = 0.648  m^/sec  = 38.91  m^/min 


Figure  9s  Air  Flov/  in  Auxiliary  Furnace 
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Figure  10:  Collector  Efficiency  Curves  for  Leavengood  System 
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Figure  11:  Utility  Consumption  Versus  Degree-Days  Showing  Effect  of  Solar  System 
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APPENDIX  I 


TABLES  OP  DAILY  PERFORMANCE  DATA  FOR  LEAVENGOOD  HOUSE 
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Note;  In  the  data  tables  after  the  last  colximn  an  "S"  is  printed  for  all  hours 
during  which  the  temperature  of  the  plenum  room  was  less  than  ambient 
temperature. 
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A low  cost  data  acquisition  system  was  developed  for  solar  performance 
monitoring  and  is  pictured  in  Figure  1 on  the  following  page.  The 
heart  of  the  system  is  a Radio  Shack  TRS-80  computer  having  a 4K  memory. 
This  system  has  the  capability  of  40  input  channels  and  is  controlled  by 
a Level  II  BASIC  program  which  allows  the  user  to  structure  data  sampling 
and  processing  procedures.  Calibration  constants,  error  checks,  scan  rate, 
data  averaging,  printing,  etc.,  can  be  manipulated  using  this  program 
capability.  A real  time  clock  within  the  a/d  converter  chassis  is  used 
to  time  the  data  output  on  the  cassette.  Scanning  at  an  average  rate  of 
40  channels  per  five  seconds,  the  data  is  averaged  at  the  end  of  each 
hour.  This  data  is  then  written  onto  the  cassette  recorder  for  processing 
at  a later  time. 

Temperatures  were  measiired  using  AI)-590  transducers  made  by  Analog 
Devices.  A BASIC  computer  program  was  used  with  the  data  acquisition 
system  to  calibrate  the  probes  against  a precision  thermometer.  The 
absolute  accuracy  of  the  temperatures  measured  is  better  than  0,5°C  (l°P), 
while  the  accuracy  of  small  temperature  differences  is  0,1°C  (0.18°P), 

Total  solar  radiation  on  the  collector  surface  was  measured  using  a 
silicon  cell  pyranometer.  The  device  was  manufactured  by  the  contractor 
and  is  mounted  in  the  plane  of  the  solar  collector.  The  device  has  been 
referenced  to  NOAA  Standards  with  an  estimated  overall  accuracy  of  5^. 

9 

Electric  power  is  measvired  using  clamp-on  ammeters  calibrated  on-site 
against  the  utility  Id/h  meter.  The  status  of  motors,  deunpers,  curtains 
and  fans  is  determined  using  appropriate  relays,  microswitches  or  mercury 
switches. 

Flow  in  liquid  systems  is  measured  using  Hersey  MVR-30  turbine  meters 
which  have  been  interfaced  to  the  DAS,  Flow  in  air  systems  is  mapped  using 
a hot-wire  anemometer  for  a one-time  measurement  to  characterize  the  flow. 
Status  switches  and  software  combine  the  one-time  measurements  to  calculate 
appropriate  heat  flow  quantities. 
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Video  display  of 
current  data  scan: 

40  channels,  time,  date 


Keyboard  for 

controlling  system 

(l)  Cassette  for  storing 
data  and  programs 


40  channels  analog 
input,  a/d  conversion 
(l2  bit),  real  time 
clock 


— Power  supply  for 
computer  and  a/D 
interface 


12V  batteiy:  powers 
system  up  to  5 hours 
in  the  event  of  a 
power  shortage 


Figure  1:  Computer-Based  Data  Acquisition  System 
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NOTICE 

This  report  was  prepared  as  an  account  of  work  sponsored  bj'-  the  Energy 
Division  of  the  Montana  Department  of  Natural  Resources  and  Conservation 
through  the  Alternative  Renewable  Energy  Sources  Program.  Neither  the  State 
of  Montana,  nor  the  Department,  nor  any  of  their  employees,  nor  any  of  their 
contractors,  subcontractors,  or  their  employees,  make  any  warranty,  ex- 
pressed or  implied,  or  assumes  any  legal  liability  or  responsibility  for 
the  accuracy,  completeness  or  usefulness  of  any  information,  apparatus,  pro- 
duct or  process  disclosed,  or  represents  that  its  use  would  not  infringe 
privately-owned  rights. 


NOTE  ON  UNITS 


The  test  results  in  this  report  are  given  in  metric  or  SI  units. 

This  convention  corresponds  to  current  professional  practice  and  is 
in  accord  with  the  recommendations  of  the  International  Solar  Energy- 
Society  and  most  technical  journals. 

Most  readers  are  familiar  with  the  Celsius  or  Centigrade  temperature 
scale  (°C)  and  with  power  measured  in  kilowatts  (kl/).  The  metric  unit 
of  energy  is  the  Joule  (J).  Most  energy  quantities  in  this  report  are 
expressed  in  megajoules  (MJ)  which  is  10  joules  or  a million  joules 

(1,000  BTU  = 1 kBTU  = 1.05  MJ).  Since  one  MJ  is  about  one  thousand 
BTU’s,  a furnace  with  a rating  of  100  thousand  BTU/hour  would  be  rated 
at  about  100  Mj/hour,  This  approximate  conversion  will  be  useful  to  the 
reader  accustomed  to  thinking  in  thousands  of  BTU. 

Other  abbreviations  included  in  this  report  are:  1 = liters, 
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m = meters,  m = square  meters  and  kWh  = kilowatt  hours. 


ABSTRACT 


This  project  is  a mobile  home  located  a fev:  miles  south  of 

Missoula,  Montana,  belonging  to  Lynda  and  John  Traver,  This  home  was 

retrofit  with  active  air  solar  collectors  built  by  the  Missoula 

Human  Resources  Development  Council.  The  area  of  the  collectors  is 
2 2 

10.8  ra  (100  f t ) . They  are  mounted  against  the  south  wall  of  the 
trailer.  Air  is  dravm  from  the  trailer  through  the  collectors  and 
returaed  directly  to  the  trailer.  No  heat  storage  vjas  used. 

During  the  test  period  of  56  days  during  the  spring  of  1980?  "the 
solar  collectors  produced  an  insignificant  amount  of  heat.  This  poor 
performance  was  due  to:  (a)  air  leaks  in  the  ducting  system  and 
(b)  control  malfunctions. 

The  data  indicated  that  the  existing  windows  in  the  trailer  were 
contributing  a passive  solar  gain  ecfual  to  12^  of  the  total  heat 
requirements  of  the  home.  During  the  test  period,  the  auxiliary 
propane  furnace  supplied  42^  of  the  heat  and  internal  electric  gains 
supplied  46^. 


SOLAR  COLLECTOR 

Type:  Active  air 
Manufacturer:  Site-bu^lt  by  HRDC 
Aperture  Area:  10.8  m 
Glazing:  Plat  stock  filon 
Absorber:  0.024”  aliuninum  painted 
flat  black 

Fluid:  Air  . 

Thermal  Capacity:  0,0015  MJ1~  ^C~ 
Flow  Rate:  2.52  m8  min”^ 

Tilt:  90° 

Azimuth:  180° 


AUXILIARY  ffl^AT 

Type:  Forced  b.±t 
Manufacturer:  Coleman 
Fuel:  Propane  . 

Capacity:  I9  MJhr"" 

BUILDING 

Type:  Trailer  house 
Floor  Area:  84.4 

Calc.  Loss  Factor:  O.67  MJhr  °C  ^ 
Measured  Loss  Factor:  0,61  MJhr*”^  C 
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1.0  INTRODUCTION 

The  Traver  residence  is  located  several  miles  south  of  Missoula, 
Montana.  Active  air  solar  collectors  were  site-huilt  and  attached  to 
this  mobile  home  by  the  Missoula  Human  Resources  Development  Council. 

A lai'C©  number  of  systems  similar  to  this  have  been  installed  in  the 
Missoula  area.  The  Traver  project  was  judged  to  be  the  most  efficient 
and  best  constructed  of  these  projects  by  the  designer,  Ken  Boggs. 

2.0  DKSCRIPl’ION  OF  THE  HOUSE  AND  SOLAR  SYSTEM 

The  Traver  residence  is  a manufactured  home  with  overall  dimensions 
of  4»2  X 20  m ( 14  X 66  ft)  and  is  oriented  with  the  20  m ( 66  ft)  dimension 
along  the  east-west  axis.  Metal  skirting  is  used  and  two  entry-ways 
approximately  2.4  m (8  ft)  square  have  been  added  to  each  of  the 
exterior  doors.  This  home  is  moderately  vi/ell  insulated  and  has  been 
maintained  in  good  condition.  Figures  1 and  2 show  photographs  of  the 
Traver  residence.  A floor  plan  di‘av;ing  of  the  residence  is  shovm  in 
Figure  3 and  the  calculated  heat  load  for  this  home  is  shov.Ti  in  Table  1. 

The  solar  system  consists  of  two  banks  of  air  collector  panels 
mounted  vertically  on  the  south  wall  of  the  trailer,  Figure  1(a). 

The  soIelt  collector  fan  is  located  in  the  crawl  space  beneath  the  trailer 
and  is  actuated  "by  a thermostat  switch  in  the  collector  panel.  V/hen  the 
thermostat  temperature  reaches  its  set  point,  the  fan  is  turned  on  and 
air  is  drawn  from  the  living  space  of  the  trailer  through  the  collector, 
through  the  fan,  and  the  solar  heated  air  is  returned  to  the  living 
space  of  the  trailer.  Figure  4(a)  shows  photographs  of  the  solar 
collector  control.  Figure  4(b)  shows  a portion  of  the  insulated  flexible 
ducting  and  the  fan  box  located  beneath  the  trailer. 

Figure  5 shovjs  a schematic  of  the  solar  system.  There  are  three 
separate  inlet  ducts  leading  to  the  collector.  These  ducts  are  located 
in  the  living  room,  the  kitchen  and  the  bedi-oom.  There  are  two  outlet 
ducts  from  the  collector,  one  located  in  the  hall  and  one  in  the  kitchen. 
The  location  of  these  ducts  is  shown  in  the  floor  plan  in  Figure  3» 


2 


3.0  TRANSDUCER  ARRANGEMMT  AJJD  FT.OVI  MEASUREMMTS 

The  data  acquisition  system  used  on  this  project  is  described 
in  Appendix  II.  The  arrangement  of  the  transducers  is  shown  in  the 
schematic  in  Figure  5«  A transducer  log  is  given  in  Figure  6 which 
describes  the  locations  of  the  individual  probes.  There  were  two 
probes  inside  the  trailer  to  measure  the  air  temperature  of  the  living 
space.  One  probe  was  located  in  the  living  room  on  the  west  end  of 
the  mobile  home,  near  the  wood  stove.  The  second  probe  was  located 
in  the  master  bedroom  on  the  east  end.  An  ambient  air  temperature 
probe  was  placed  on  the  north  wall  of  the  trailer  inside  a radiation 
shield.  The  air  temperature  in  the  crawl  space  was  also  monitored 
near  the  center  of  the  home. 

Solar  radiation  was  measured  in  the  plane  of  the  solar  collectors 
by  a silicon  cell  transducer  attached  to  the  collectors.  The  air 
temperature  at  the  collector  inlets  was  measured  by  a set  of  three 
temperature  probes  connected  so  as  to  measure  the  average  inlet  temp- 
erature. A single  probe  was  placed  in  each  of  the  collector  outlet 
ducts  in  the  kitchen  and  the  hallway.  A status  relay  was  connected 
to  the  collector  circulating  fan  to  indicate  to  the  data  acquisition 
system  when  the  fan  was  on. 

The  auxiliary  gas  furnace  was  instrumented  with  a set  of  three 
averaging  probes  in  the  inlet  and  a second  set  of  three  averaging 
probes  in  the  outlet  duct.  A status  relay  was  connected  to  the  motor 
which  powers  the  furnace  fan.  Air  flows  in  the  furnace  are  shown  in 
Figure  7»  Clamp-on  ammeters  v/ere  installed  in  the  main  electric  entry 
panel  to  measure  total  electric  power  entering  the  mobile  home. 

All  air  flows  were  measured  using  a hot-wire  anemometer.  Figure  8 
shows  the  air  velocities  measured  at  several  points  on  the  cross-sections 
of  the  collector  inlet  and  outlet  ducts.  Of  the  three  collector  inlet 
ducts,  only  the  living  room  duct  (which  is  closest  to  the  collectors) 
showed  a significant  flow.  The  total  inlet  flow  of  the  three  inlet 
ducts  is  2.52  m^  per  minute.  The  flow  in  the  two  outlet  ducts  also 
was  unbalanced,  with  the  kitchen  collector  outlet  having  about  three 
times  the  flow  of  the  hall  collector  outlet.  The  total  outlet  flow  was 

6.1  m^  per  minute. 
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CompariBon  of  the  inlet  and  outlet  collector  flows  shows  that  there 
was  a large  leak  in  the  collector  ducting  system  amounting  to  3.58  m 
per  minute,  or  nearly  half  of  the  total  outlet  flow.  This  leakage  flow 
was  due  to  (a)  leaks  in  the  collector  panels  outside  the  trailer, 

(b)  leaks  in  the  ducting  system  and/or  (c)  leaks  in  the  fan  box  in  the 
crawl  space  beneath  the  trailer.  This  leakage  can  be  expected  to  seriously 
degrade  the  thermal  performance  of  the  solar  collector  system. 

It  should  be  noted  that  Ken  Boggs  rebuilt  the  ducting  system  before 
this  monitoring  project  was  begun.  This  work  was  required  because  the  ducts 
had  been  mashed  and  pulled  off,  apparently  by  some  dogs  who  were  living 
in  the  crav.’l  space.  The  performance  before  the  monitoring  was  probably 
even  poorer. 

The  solar  collectors  have  a very  good  exposure  to  the  sun.  A 
shading  diagram  is  shown  in  Figure  9*  This  diagram  indicates  the  only 
shading  is  due  to  the  mountain  range  lying  to  the  east  of  the  project. 

This  shading  is  insignificant.  Table  2 shows  a comparison  of  insolation 
measured  at  the  site  during  April  and  May  to  the  insolation  measured  in 
downtown  Missoula  at  Hellgate  High  School.  The  Missoula  data  is  measured 
on  a 60®  tilted  surface  as  part  of  the  Solar  Insolation  Measurement 
Montana  Program  that  is  sponsored  by  BNR&C, 

This  60®  data  v;as  converted  using  an  approximate  algorithm  to 
predict  the  radiation  that  would  have  been  measured  at  the  Missoula  site 
on  a 90°  or  vertical  surface.  Table  2 shows  that  the  monthly  totals 
agree  to  within  better  than  20fo*  These  differences  can  be  attributed 
to  differences  in  microclimate,  shading,  reflection  and  instrument 
calibration.  It  can  be  concluded  that  the  Missoula  data  was  sufficiently 
accurate  to  use  for  solar  design  purposes  on  this  project, 

4.0  DATA  ANALYSIS  AIID  RESULTS 

The  data  analysis  relies  on  an  hourly  heat  balance  performed  on  the 
trailer.  In  this  heat  balance,  the  sum  of  the  hourly  energy  inputs  to 
the  trailer  are  equated  to  the  hourly  heat  load.  Energy  inputs  include 
solar  heat  entering  the  trailer,  furnace  heat  entering  the  trailer  and 
electrical  dissipation  from  lights,  appliances,  etc.,  in  the  trailer. 
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The  heat  load  io  calculated  from  an  overall  heat  loss  factor  multiplied 
by  the  difference  in  temperature  between  the  inside  air  temperature  and 
the  ambient  air  temperature. 

In  the  initial  stages  of  the  data  reduction  and  error  checking 
process,  the  solar  input  was  assumed  to  come  exclusively  from  the  solar 
collectors.  This  analysis  showed  that  the  solar  collectors  were 
producing  negligible  amounts  of  heat.  This  was  due  to  (a)  control 
malfunctions  which  failed  to  turn  on  the  collector  fan  even  though  solar 
energy  was  available  and  (b)  lov/  collector  outlet  temperatures,  probably 
due  to  dilution  of  the  solar  heated  air  with  leakage  air  drawn  from  the 
cool  crawl  space  or  ambient  air.  Figure  7- 

The  hourly  heat  balances  sho;jed  that  during  any  simny  day  there 
v.’as  a deficit  on  the  input  side  of  the  heat  balance  equation.  This 
suggested  that  solar  heat  was  somehow  entering  the  trailer.  Inspection 
of  the  floor  plan  of  the  house  showed  that  there  were  a large  number 
of  south  facing  windows  in  the  trailer  having  a total  area  equal  to 
about  2/3  of  the  collector  area  itself.  This  observation  suggested 
that  we  introduce  a passive  solar  gain  component  into  the  input  side 
of  the  heat  balance  equation.  This  passive  component  v/as  based  on  the 
solar  radiation  in  the  plane  of  the  window,  the  total  window  area, 
and  an  estimated  transmission  coefficient  of  the  windows. 

The  introduction  of  this  passive  input  into  the  heat  balance 
equation  caused  a remarkable  improvement  in  the  hourly,  daily  and 
monthly  heat  balances.  The  passive  solar  input  was,  therefore,  included 
as  a permanent  part  of  this  analysis. 

There  was  a wood  stove  in  the  trailer  which  was  not  used  during  the 
monitoring  period  in  order  to  increase  the  accuracy  of  the  monitoring 
data.  The  Missoula  HRDC  volunteered  to  pay  the  additional  aiax;iliary 
fuel  costs  to  the  owner.  A temperature  probe  located  near  the  stove 
showed  that,  indeed,  the  owners  cooperated  with  this  plan  and  did  not  use 
the  stove, 

A sample  of  the  hourly  heat  balance  summary  for  one  day  is  shown  in 
Table  3*  Hourly  data  for  the  entire  monitoring  period  are  shown  in 
Appendix  I,  In  Table  3»  the  first  column,  COLLECTOR  INPUT,  shov/s  the 
total  solar  radiation  falling  on  the  surface  of  the  collectors  in 


megajoules  (MJ),  The  second  column,  COLLECTOR  OUTPUT,  shows  the  heat 
delivered  by  the  collectors  to  the  living  space.  The  last  four  columns 
in  Table  3 relate  to  collector  operation.  These  columns  show  collector 
inlet  and  outlet  temperatures  (”c),  collector  efficiency  and  the  last 
column  shows  the  total  hours  of  operation  of  the  collector  fan.  During 
this  sunny  day,  the  collector  fan  operated  a total  of  O.5  hour.  The 
collector  operated  for  0.22  hour  between  12:00  and  1:00  p.m.  During 
this  time,  the  collector  outlet  temperature  was  only  7°  C above  the  house 
temperature.  The  data  for  this  day  is  typical  and  illustrates  both 
the  control  and  leakage  problems  that  characterized  this  solar  system. 

The  next  three  columns  in  the  Table  show  the  PASSIVE  SOLAR  energy- 
entering  the  building,  the  FURNACE  OUTPUT  entering  the  building,  and 
the  ELECTRICAL  dissipation  in  the  building.  All  inputs  are  added 
together  and  listed  in  the  next  column,  SUI^IM  INPUT.  A comparison  of 
the  SUMM  INPUT  and  HEAT  LOAD  columns,  both  on  am  hourly  and  daily  total 
basis,  allov/5  an  evaluation  of  the  accuracy  of  the  data. 

For  this  particular  day,  during  the  early  morning  hours,  heat 
was  being  supplied  entirely  by  the  furnace  and  with  small  amounts 
of  electrical  dissipation.  The  heat  balance  in  the  early  morning 
shov/s  close  agreement,  which  verifies  the  accuracy  of  the  measurement 
of  furnace  input  energy.  The  agreement  of  the  heat  balance  is  less 
precise  during  the  middle  of  the  day  v;hen  the  sun  is  shining  on  the 
building.  This  lack  of  agreement  is  primeirily  due  to  thermal  storage 
effects  and  transient  effects,  which  are  not  considered  in  this  steady 
state  heat  balance.  Note  that  while  the  house  temperature  is  very 
stable  during  the  early  morning  hours,  it  increases  during  the  day 
and  then  decreases  late  in  the  day. 

On  this  day  the  crav^l  space  temperature  is  often  belovj  ambient 
temperature  and  always  below  house  temperature,  and  ambient  temperature 
is  alvjays  below  house  temperature.  It  is  clear  that  air  leaks  in  the 
collector  system  v/ould  have  the  effect  of  diluting  the  temperature 
output  of  the  collectors.  During  colder  v/eather,  this  leakage  v/ould  cause 
relatively  greater  reductions  in  efficiency. 

The  bottom  line  of  each  daily  summary  gives  totals  of  the  energy 
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quantities  and  averages  of  the  temperature  quantities  for  that  day. 

Table  4 summarizes  these  dally  averages  and  total  performance 
quantities  for  the  entire  monitoring  period.  Scanning  the  COLLECTOR 
OUTPUT  column  in  these  Summary  Tables  shows  that  on  some  occasions  the 
collector  output  was  negative.  A negative  collector  output  occurs 
when  the  collector  circulation  fan  is  running  at  a time  when  the  inlet 
temperature  is  higher  than  the  outlet  temperature.  These  negative 
outputs  mean  that  the  solar  collector  system  is  cooling  rather  than 
heating  the  trailer. 

Table  5 shows  an  overall  smnmary  for  the  Traver  project.  This 
Table  shows  the  total  and  average  data  for  each  month  as  well  as  the 
overall  total  and  averexge  data.  During  the  monitoring  period,  the  solar 
collector  system  contributed  0.2^  to  the  overall  heat  requirements  of  the 
house.  This  is  a negligible  amount  of  heat  and  barely  exceeds  the 
electrical  pov/er  used  to  drive  the  solar  collector  circulating  fan. 

The  collectors  averaged  an  efficiency  of  0.4^  during  the  monitoring 
period.  The  overall  efficiency  of  a collector  of  this  type  during 
this  time  of  year  should  be  This  poor  performance  is  related 

to  the  design,  construction  and  operational  problems  discussed 
previously. 

Passive  solar  gain  through  the  windows  supplied  12^  of  the  heat 
requirements  of  the  house,  the  auxiliary  furnace  42^  and  electrical 
dissipation  46/0.  In  Table  4,  the  total  HEAT  INPUI’  and  CALCULATED 
HEAT  LOAD  columns  agree  quite  closely,  v/hich  verifies  the  energy 
balances  presented.  The  house  temperature  during  the  monitoring  period 
was  a comfortable  21.7°  C,  while  the  ambient  temperature  was  8.05°  C. 
Table  6 shows  the  monthly  utility  records  of  electric  power  of  the 
Traver  house,  beginning  in  January  of  1978  and  extending  through  the 
monitoring  period.  Table  7 shows  corresponding  degree-day  data. 

5.0  COMPUTER  PREDICTION 

A performance  prediction  of  this  system  was  made  using  an  f-chart 
design  analysis.  The  solar  radiation  data  input  into  the  design 
analysis  was  from  measurements  made  in  Missoula  as  part  of  the  Solar 
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Insolation  Meacurement  Montana  (SIMM)  Program.  V/eather  data  for 

degT'ce-daO)''G  and  ambient  temperaturea  are  taken  from  long-term  averages 

for  Missoula.  The  collector  performance  data  input  into  this  design 

routine  assumes  a typical  double-glazed  air  collector  with  an  axca  of 
2 

10.8  m in  good  operating  condition,  Table  8. 

The  f-chart  design  procedure  predicts  an  annual  solar  fraction  of 
15^  for  this  system.  During  the  monitoring  period,  the  f-chart  procedure 
predicts  a solar  fraction  greater  than  20^.  This  exceeds  the  measured 
solar  fraction  by  a factor  of  100.  During  April  and  Mayi  the  solar 
radiation  measured  at  the  site  in  the  plane  of  the  collector  was 
2.6  Wh-m"^. 

The  overall  heat  load  for  April  and  May  averaged  I78MJ  per  day. 

1 o 1 

This  v/as  computed  using  the  measured  heat  load  factor  of  0.6lJ>IJhr’”  . 

The  average  measured  house  temperature  during  this  period  v/as  22°  C and 
the  anbient  temperature  was  C. 

For  the  same  period  of  two  months,  the  f-chart  predicts  an  average 

-1 

heat  load  of  lO^U-day  , based  on  a calculated  heat  loss  factor  of 

*1  o 1 

0,671‘lJhr*’  C . The  f-chajrt  calculation  assumes  a house  temperature 
of  18.3^  C and  an  average  ambient  temperature  of  9*55°  C.  If  the  heat 
loads  for  the  monitoring  data  and  the  f-chart  analysis  are  adjusted 
to  the  same  house  temperature,  ambient  temperature  and  heat  loss  factor 
base,  the  results  agree  to  within  better  than  2^. 

It  can  be  concluded  that  the  environmental  data  during  the 
monitoring  period  v/as  typical  of  long-range  average  environmental  data. 

It  is,  therefore,  reasonable  to  predict  that  this  solar  system  should 
have  produced  around  2,000MJ  during  the  monitoring  period,  or  about 
100  times  the  measured  energy  output  of  about  25rU» 
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TABLE  1 


'1 


TRAVER  TRAILER  HEAT  LOAD 


R 


Ceiling 

20 

Floor 

12 

Walls 

12 

Windows 

1, 

^Infiltration:  7260 


U 

(Btu/hr  ft^  ‘V) 

0.05 

0.083 

0.083 

0.58 

^ X i X .018 


Area  U X A 

(sq.  ft.) 


908 

45 

908 

76 

1178 

98 

117 

68 

65 

352  Btu/hr  °P 

or  0.67  Mj/hr  °C 

*AsBiuning  'I  air  change/hour 
ROTE;  Average  measured  value  = 0.6ll*IJhr  C 


INSOLATION 

TABLE  2 

COHPAR ISON , W*;  h-fli“^-day~^ 

MONTH 

I^EASURED 

MISSOULA  DATA  d'  60° 

CALCULATED 

MISSOU1.A  DATA  © 90° 

MEASURED 

TlUVER  SITE  DATA  © 90° 

April 

3.85 

2,66 

2.87 

May 

3.80 

2.31 

2.09 

10 


TABLE  3 

SAMPLE  HOUBLY  PERFORMANCE  FOR  ONE  DAY 


PERFORHANCE  SlWflARY  FOR  THE  TRAVER  PROJECT  4/  19/80 


m COLL 

COLL 

PASSU 

FURN 

aECT 

SUHH 

HEAT 

HOUSE 

AHDI 

CRAWL 

COLL 

coll 

COLL 

SFAN 

INPUT 

OUTPUT 

SOLAR 

OUTPUT 

INPUT 

iNPur 

LOAD 

TEHP 

TEHP 

SPACE 

IIL.ET 

curijT 

EFF 

STAT 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HRS) 

1 

.00 

.00 

.00 

5.50 

2.95 

8.45 

8.66 

21.52 

7.32 

10.15 

8.11 

9.67 

,C0 

.00 

2 

.00 

.00 

.00 

5.96 

1.94 

7.90 

8.60 

21.39 

7.28 

9.72 

7.46 

9.23 

.00 

.00 

3 

.00 

.00 

.00 

6.73 

3.02 

9.75 

8.83 

21.34 

6.87 

9.59 

7.37 

9.02 

.00 

.00 

4 

.00 

.00 

.00 

7.59 

2.23 

9.82 

9.33 

21.30 

5.92 

9.20 

6.51 

8.63 

.00 

,00 

5 

.00 

.00 

.00 

6.83 

2.23 

9.06 

9.93 

21.30 

5.02 

9.05 

5.82 

8.42 

.00 

.00 

6 

.00 

.00 

.00 

7.89 

2.99 

10.83 

10.63 

21.13 

3.63 

8.86 

4.70 

8.29 

.00 

.00 

7 

.75 

.00 

.17 

7.58 

2.45 

10.20 

9.83 

21.27 

5.03 

9.03 

6.22 

8.33 

.00 

.00 

8 

2.34 

.00 

.52 

4.01 

4.14 

8.67 

8.62 

21.56 

7.42 

9.51 

9.72 

8.42 

.00 

. C'j 

9 

5.05 

,00 

1.13 

.00 

3.17 

4.30 

7.99 

')'(  10 
^^4  ii. 

9.01 

10.0/ 

14.61 

8.77 

.00 

.00 

10 

10,25 

.00 

2.26 

.00 

2.99 

5.25 

6.21 

22.83 

12.69 

11.46 

18.99 

9.85 

.00 

.00 

11 

14.11 

.00 

3.13 

.00 

1.69 

4.82 

4.85 

21.72 

13.76 

12.41 

18,62 

11.71 

.00 

.00 

12 

17,47 

-.09 

3.92 

.00 

2.09 

5.91 

4.50 

0 / 70 

14.94 

13,03 

22.74 

13.84 

.00 

,11 

13 

nn  in 

.64 

5.05 

.00 

.76 

6.44 

3.79 

23.99 

1/.78 

13.99 

23.68 

30.09 

.03 

n 1 

14 

23.75 

.51 

5.31 

.00 

4.86 

10.63 

2.05 

23.92 

20,56 

15,63 

TT  t: 
i/.O 

28 . 06 

.02 

.14 

15 

16.58 

.06 

3.74 

.00 

5.15 

8.95 

.91 

24.05 

22.55 

16.59 

21.03 

21.73 

.00 

.03 

14 

9.56 

.00 

2.09 

.00 

5.72 

7.81 

.45 

24,26 

23.51 

16.36 

19.37 

19.79 

.00 

.00 

17 

8.94 

.00 

2.00 

,00 

3.89 

5.89 

.39 

24.70 

24,05 

16.54 

2i  .86 

20.69 

.00 

.00 

18 

4.67 

.00 

1.04 

.00 

5.00 

6.05 

.81 

24.95 

23.61 

16.1/ 

23.63 

21.72 

.00 

.00 

19 

1.74 

.00 

.35 

.00 

5.04 

5.39 

.93 

23.30 

21.7/ 

15.60 

01  01 

20.45 

.00 

.00 

20 

.21 

.00 

.00 

.00 

4.14 

4.14 

3.63 

23.48 

1/.44 

14.79 

18,77 

1/.22 

.00 

.00- 

21 

.00 

.00 

.00 

.00 

3.92 

3.92 

4.41 

23.27 

16.03 

14.33 

15.11 

15.  C2 

.00 

. ^0 

22 

.00 

.00 

.00 

.00 

3.71 

3.71 

5.71 

23.55 

14.19 

13.45 

12.85 

1 0 0.1 

.00 

.00 

23 

.00 

.00 

.00 

.00 

6.80 

6.80 

7.24 

23.19 

11.32 

12.39 

10.35 

11.79 

. 0 j 

.00 

0 

.00 

.00 

.00 

,00 

,63 

.63 

7.51 

21.71 

9.39 

11.63 

9. S3 

11.10 

.00 

.00 

133.04 

1.12 

30.71 

52.09 

81.53 

165.50 

136,03 

22.6/ 

13.33 

12.48 

14.71 

14.57 

.00 

c/\ 
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*Daily  Total  Energy,  Daily  Average  Temperatures 


TADLl^  4 


DAILY  SWIMARY 
MARCH 

DAILY  PEftFORMM:E  SUMMARY  FOR  THE  TRAVER  PROJECT  3/  26/80 


DA 

coa 

coa 

PASSO 

FU.RN 

ELECT 

SUHH 

HEAT 

HOUSE 

AHBT 

CRAWL 

COLL 

COLL 

SPAN 

iNPirr 

OUTPUT 

SOLAR 

OUTPUT 

IRPUT 

INPUT 

LOAD 

TEMP 

TEHP 

SPACE 

INLET 

OUTLET 

STAT 

(MJ) 

(HJ) 

(HJ) 

(HJ) 

(MJ) 

(HJ) 

(HJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

( HR'j ) 

24 

.15 

.00 

.00- 

39.24 

24.30 

63.54 

64.76 

20.96 

3.26 

5.45 

4.69 

5.30 

.00 

27 

58.60 

.00 

12,88 

152.30 

103.25 

268.42 

170.77 

14.83 

3.17 

6.23 

1.79 

5.46 

.00 

28 

96.64 

_ 00 

21.66 

121.28 

90.65 

233.37 

260.95 

21.13 

3.36 

5.30 

8.24 

6.14 

.18 

29 

73.09 

-.37 

16,27 

153.97 

73.76 

243.63 

220.03 

20.23 

4.55 

6.31 

3.36 

6.45 

.13 

30 

54.79 

.00 

12.18 

166.53 

113.36 

292.07 

302.75 

20.06 

-.62 

2.51 

8.42 

3.03 

.00 

31 

78.54 

.00 

17.40 

195.30 

81.25 

293.95 

299,74 

19.97 

-1.39 

2.34 

10.53 

2.74 

,00 

DAILY  PERFORHAfiCE  SUHHARY 

DA  CaL  COLL  PASSU 

FOR  THE  TRAUER  PROJECT 

FURN  ELECT  SUHH 

APRIL 

4/  1/80 

HEAT  HOUSE 

AHDT 

CRAWL 

COLL 

CULL 

SPAN 

INFVT 

OUffUT 

SOLAR 

OUTPUT 

INPUT 

INPUT 

LOAD 

TEHP 

TEHP 

SPACE 

INai 

OUTLET 

STAT 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(C) 

•(C) 

(C) 

(C) 

(C) 

(HRS) 

1 

42.35 

.00 

9.48 

198.05 

110.12 

317.66 

321.57 

20.42 

-.67 

2.65 

3.72 

2.97 

,00 

2 

107.46 

.16 

23.84 

160.42 

103.14 

287.56 

271.33 

19.8? 

1.35 

4.04 

6.63 

5.78 

.35 

3 

185.82 

3.77 

41.50 

137.38 

96.77 

279.42 

265.7/ 

21.44 

3.2? 

5.83 

13.01 

10.76 

1.31 

4 

24.80 

,24 

5.4S 

17.17 

76.21 

99.10 

104.47 

22.53 

5.45 

9.02 

9.69 

8.60 

.11 

5 

94.57 

-.41 

21.05 

89.30 

112.00 

221.94 

231.32 

21.83 

6.02 

7.20 

9.69 

7.46 

.20 

6 

60.63 

.19 

13.49 

139.12 

110.95 

263.75 

262.64 

20.77 

2.83 

5.96 

5.69 

6.32 

.21 

7 

115.24 

-.37 

25.67 

185.54 

102.28 

313.11 

271.31 

20,03 

1.55 

5.05 

12.33 

5.51 

.25 

8 

73.71 

-.07 

16.36 

152.26 

82.12 

250.66 

248.81 

19.43 

2.43 

5.14 

11.82 

4.52 

.01 

9 

38.50 

.00 

8.44 

130.92 

112.50 

251.06 

240.65 

20.23 

3.7? 

6.94 

17.23 

5.79 

.00 

10 

68.77 

-.25 

15.23 

152.74 

114.91 

282.62 

270.33 

21.18 

2.63 

5.37 

21.26 

5.44 

.04 

11 

164.92 

.42 

36.80 

95.60 

79.09 

211.92 

251.93 

22.05 

4.84 

6.97 

21.27 

10.73 

1.00 

12 

150.62 

2.03 

33.58 

85.79 

61.78 

133.17 

213.93 

20.89 

5.23 

7.54 

16.50 

10.3/ 

.96 

13 

171.50 

3.87 

38.19 

89,16 

79.20 

210.42 

220.33 

23.81 

8,76 

9.24 

11.92 

12,33 

.93 

14 

146.21 

3.50 

32.63 

41.13 

103.25 

180.50 

173.23 

23.07 

11.24 

11.02 

14.33 

13.03 

.37 

15 

74.76 

-.11 

16.70 

72.03 

62.96 

151.64 

202.47 

20.76 

6.93 

3.34 

10.72 

8,44 

,03 

16 

170.18 

4.26 

37.93 

74.32 

59.03 

175.53 

203.93 

21.7? 

7.87 

9.33 

13.59 

12,39 

1.09 

17 

153.73 

1.30 

34.10 

57.51 

60.70 

153.61 

151.25 

22.90 

12.5/ 

11.53 

15.25 

13.05 

.56 

18 

163.68 

.79 

36.54 

23.53 

55.37 

116.23 

135.59 

22.99 

13.73 

12.75 

16.35 

13.66 

19 

138,04 

1.12 

30.71 

52.09 

81.53 

165.50 

136.03 

22,67 

13.33 

12.48 

14.71 

14.57 

.50 

20 

142,90 

.77 

31,93 

24.21 

110,45 

167.36 

93.86 

21.66 

14.91 

14.36 

15.12 

14.24 

.34 

21 

149.01 

.71 

33.15 

22.84 

52.38 

109.03 

121.32 

22.3? 

14.11 

13.37 

16.24 

14.99 

.51 

22 

100.9? 

1.07 

22.53 

29.78 

85.61 

133.99 

125.12 

21.37 

13.32 

13.10 

15.23 

14.35 

.57 

23 

142.65 

.86 

31.93 

46.00 

31.18 

159.97 

141.43 

22.90 

13.24 

l>i ./  5 

15.7? 

14.53 

.45 

24 

23.94 

.00 

5.31 

41.13 

69.26 

115.70 

161.32 

21.36 

10.34 

11.81 

11.79 

11 .3.3 

.00 

25 

82.89 

-.06 

18.27 

44.39 

55.22 

117.82 

153.7? 

22.02 

11.52 

11.96 

13.57 

11.93 

.15 

26 

151.80 

-.07 

33.76 

46.03 

92.52 

172.24 

139.75 

22.76 

13.21 

13.17 

16.1? 

15.17 

^7 

27 

148.21 

.13 

32.80 

42.42 

69.3/ 

144.72 

110.49 

22.30 

14.75 

13.50 

15.57 

14.14 

.2/ 

28 

134.37 

.04 

29.93 

40.53 

130.54 

201.03 

91.92 

22.33 

16.05 

15 . 2.1 

17.45 

14,93 

.21 

29 

34.94 

.00 

7.57 

33.20 

47.12 

92,8? 

109.94 

21.47 

11.46 

12.30 

13.61 

12.18 

.00 

12 


TABLE  4 

DAILY  SUIIWARY,  CONTINUED 


MAY 

WLY  PffiFORHANCE  SUMMARY  FOR  THE  TRAVER  PROJECT  5/  3/80 


COi 

coa 

PASSU 

FURN 

ELECT 

SUMM 

HEAT 

HOUSE 

AMBT 

CRAWL 

CULL 

CULL 

SPAN 

INPUT 

OUTPUT 

SOLAR 

OUTPUT 

INPUT 

INPUT 

LOAD 

TEMP 

TEMP 

SPACE 

INLET 

OUTLET 

STAT 

(MJ) 

(MJ) 

(MJ) 

(MJ) 

(MJ) 

(MJ) 

(MJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HRS) 

— ^3' 

49.36 

.00 

10.96 

15.16 

32.69 

58.81 

13.13 

19.07 

16.91 

15.20 

15.53 

15.19 

.00 

• 4 

141.25 

-.18 

31.41 

33.00 

63.54 

137.77 

94.29 

21.54 

15.10 

14.18 

15.33 

14.52 

,17 

5 

140.36 

-.01 

31.32 

50.47 

66.10 

147.83 

76.74 

22.07 

16.33 

14.43 

17.18 

14.76 

.23 

6 

84.39 

-.04 

18.79 

3.8/ 

88.96 

111.53 

124.01 

22.65 

14.17 

14.79 

15.95 

13.73 

.12 

• 7 

32.03 

.00 

6.96 

26.61 

61.99 

95.56 

139.41 

19.85 

10.33 

11.47 

12.40 

11.19 

.00 

8 

124.36 

.04 

27.67 

31.36 

87.55 

146.62 

145.01 

22.18 

12.23 

12.31 

15.11 

13.40 

.30 

9 

28.11 

.00 

6.26 

78.81 

87.77 

172.34 

183.86 

20.37 

8.31 

10.57 

11.54 

10.45 

.00 

• 10 

29.33 

.00 

6.44 

74.63 

93.35 

179.47 

176.35 

19.60 

7.55 

9.19 

9.96 

9.32 

.Ou 

' 11 

128.17 

-.46 

28.54 

90.73 

96.26 

215.07 

194.04 

22.53 

9.27 

10.61 

12.33 

11.37 

.32 

12 

134.95 

.64 

29.93 

68.39 

86.90 

135.36 

165.94 

21.56 

10.22 

11.56 

13.25 

13.34 

.73 

^ 13 

94.08 

-.15 

20.88 

47.92 

76.10 

144.75 

174.13 

21.79 

9.90 

11.57 

13.21 

12.12 

.34 

^ 14 

131.66 

1.16 

29.32 

45.86 

110.74 

187.03 

169.62 

22.15 

10.57 

12.79 

14.39 

14.39 

.77 

' 15 

96.26 

.00 

21.40 

45.66 

55.30 

122.36 

165.82 

22.16 

10.33 

11.85 

13.15 

11.16 

.00 

■ 16 

73.16 

-.21 

16.18 

90.14 

67.90 

174.01 

204.61 

21.26 

7.23 

9.36 

11.44 

9.73 

.15 

' 17 

121.02 

.01 

27.06 

20.50 

44.53 

92.10 

141.42 

21.73 

12.07 

12.30 

14.93 

13.45 

.53 

18 

111.75 

-.14 

24.83 

36.05 

76.75 

137.54 

103.97 

21.84 

14.40 

13.39 

15.3? 

13.29 

.10 

''  19 

69.70 

.00 

15.49 

6.37 

77.29 

99.15 

97.89 

24.17 

17.43 

14.91 

18.26 

14.04 

.00 

' 20 

116.10 

.00 

25.75 

16.62 

60.03 

102.46 

103.89 

25.33 

18.24 

16.12 

19.79 

14.64 

.00 

- 21 

103.92 

.00 

22.97 
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142.92 

180.79 
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26.41 

19.21 

17.60 

19.91 
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.00 

■ 22 

73.35 

.00 
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. O'J 
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245.13 

249.53 
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2.9? 

7.91 

3.21 

8.22 

.00 

’ 24 

59.09 

.00 

13.31 

109.72 

74.27 

197.30 
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22.11 
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9.29 
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9.29 

.00 

• 25 

10.78 
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2.35 

156.03 
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260.37 

248.37 

21.80 

4.33 

8.53 

7.35 

8.43 

.00 

• 26 

75.49 
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95.66 
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183.34 

221.07 

21.43 

6.33 

8.42 

10.94 

8.40 

.00 
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11.66 

17.20 
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8.60 

6.73 

8.75 
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TABLE  6 

MONTHLY  UTILITY  RECORBS  OF  ELECTRIC  POWER 


1228 

1979 

1280 

kWh 

kWh 

kWh 

January 

734 

807 

836 

February 

744 

769 

1031 

March 

746 

539 

714 

April 

652 

481 

909 

May 

574 

475 

849 

June 

470 

541 

653 

July 

429 

502 

648 

August 

358 

460 

September 

530 

486 

October 

534 

493 

November 

820 

668 

December 

749 

794 

15 


TABLE  7 

MISSOULA  DEGREE  DAY  DATA 
(Degrees  Celsius) 


Month 

Long-Term 

Average 

1978 

1979 

Degree  Days 

Ratio 

Degree  Days 

Ratio 

J anuaiy 

785 

699 

.89 

1022 

1.30 

February 

611 

583 

.95 

610 

.99 

March 

521 

428 

.82 

496 

.95 

April 

338 

313 

.93 

347 

1.03 

May 

202 

283 

1.40 

216 

1.07 

June 

97 

95 

.98 

70 

.72 

July 

12 

37 

3.08 

20 

1.66 

August 

31 

61 

1.97 

7 

.22 

September 

162 

171 

1.05 

67 

.41 

October 

346 

335 

.97 

287 

CM 

CO 

. 

November 

551 

633 

1.15 

627 

1.14 

December 

712 

841 

1.18 

579 

.81 

TOTAL 

4368 

4479 

1.02 

4348 

.99 

PREDICTED  PERF0R]VIANCE  USING  P-CHART 
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(a)  Solar  collector  panels  on  south  wall 


(b)  Solar  panels 


I 


Figure  1:  Traver  Mobile  Home 


#?  ' 
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(a)  Northeast  comer 


(h)  North  v/all  and  main  entiy 


Figure  2:  Traver  Mobile  Home 


'2-8  1 I ,7.8 
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3 a s 


b 

< (P  o H 


Figure  3:  Floor  Plan  of  Traver  Residence 
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(a)  Collector  controls 


(b)  Insulated,  flexible  ducting 


Figure  4 


Solar  Hardware 
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• ■Pp.oe>tS 

/~N  &OU.KV-  ^^A■bOk^■^  \0<^ 


Fi^-urc  5 


Schematic  of  Traver  Solar  Syctem  Sliowin^;  Principle  of 
Operation  and  Tronfiducer  Arrangement 


FjfiiJiJ]':  6 
THAIIGDUCI'^K  U)G 


TRAra  TRAILER 


DISK  # 

RS  // 

PROBE  // 

TYPE 

LOCATION  AlfD  MOWITING 

1 

1 

1 

S 

Solar  Transducer  mounted 
on  face  of  Collector  surface 

2 

2 

P 

Amp  Clomp  on  one  phcxse  of 

11CV  in  Main  Breaker  Box 

3 

3 

P 

Amp  Clamp  on  one  phase  of 

1107  in  Main  Breaker  Box 

4 

5 

Relay 

ST 

Solar  Fan  Status: 

Relay  connected  in  parallel  with  Collector  Fan 

5 

8 

Relay 

ST 

Furnace  Fan  Status: 

Relay  connected  in  parallel  with  Furnace  Fan 

6 

9 

C 

Collector  Input 

7 

10 

c 

Collector  Output 

8 

11 

c 

Collector  Efficiency 

9 

17 

c 

Furnace  Heat  Output 

10 

25 

36 

T 

Crawl  Space  Temperature;  Located  under 

Freezer  Room  20cm  beneath  the  floor 

11 

26 

20 

T 

Freezer  Room  Temperature: 

Located  20cm  from  ceiling 

12 

27 

11 

T 

Master  Bedroom  Temperature 

13 

28 

6 

T 

Living  Room  Temperature 

14 

29 

31 

DT 

Collector  Outlet;  Single  probe  in 
outlet  duct  of  the  V/est  Baiok  of  Collectors 

15 

30 

8 

DT 

Collector  outlet;  Single  probe  in 
outlet  duct  of  the  East  Bank  of  Collectors 

16 

31 

(T) 

Averaged  Collector  Outlets 

17 

32 

21 

T 

Ambient  Temperature;  Located  on  north  side  of 

Trailer  l.^cm  above  the  ground  in  a radiation  shield 

18 

33 

o 

^ •• 

CO 

\o 

DT 

Collector  Inlet;  Averaging  set 
in  the  three  inlet  ducts  to  Collectors 

19 

37 

59 

61,  62 

DT 

Furnace  Inlet;  Averaging  set 

located  behind  vented  door  of  Furnace  Room 

20 

38 

10 

67,  72 

DT 

Furnace  Outlet;  Averaging  set 
in  the  outlet  duct  of  the  Furnace 

R2 

TYPE’S: 

S - SOLAI^ 

T - TEMP 
I/r  - DUCT  TI2.1P 
ST  - STATUS 

p - pov:er 


FURNACE  INLET 


43  cm 


2 

Area  = • 

Average  Velocity  = 1,86rn/sec, 
Volume  Flow  Rate  = 19.  ^Sm^rriin. 


Figure  7 ; Flow  Meacurcmcrits  in  Furnace  Syctera 
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LIVINO  ROOM  COLLECTOR  INLET 


Average  Velocity  = .41  m/sec 
Flow  = 1.29  m^/min 


KITCEJJ  COLLECTOR  INLET 


• 

• 

• 

• 

• 

.1 

.15 

.15 

.1 

.05 

1 



1 



1 

Average  Velocity  ■ .11  m/ebc 
Flow  m ,346  ic^/min 


KALI.  COLLECTOR  OITTLET’ 


Average  Velocity  » .53  m/sec 

Flew  ■>  1.67 


KITCHEN  COLI£CTOR  OUTLET 


BEDROCK  COLLECTOR  INLET 


Total  Outlet  Plow  = 6.1 

Total  Inlet  Flow  = 2,52  m^/min 

Leaka^je  Flow  = 6.1  - 2,52  = 3.58  m^/min 


Figure  8;  Flow  Measurements  in  T raver  Solar  System 


EQUBXX 
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APPllJUIX  I 


TABLES  OP  DAILY  PEKPORPANCE  DATA  POR  TRAVER  HOUSE 


SOO  RFM  m*  r.Air.lllATF  HnilPI  Y riATA 

f.io  R(n=U(A)\RFH  r.ni  I Fr.THR  TK’PIIT 

Till  TF  1 )<.n44  THFf^  1 )=0 

fi1  ? TF  R(1  )<rO  THFK*  1 )=0 

filf.  F(  ? )=W  7 )\RFH  r.ni  I FFTOR  nilTPIlT 

f.17  )=R.7*U(  n\RFH  PARRTUF  RHl  AR  FATK’ 

SIR  TF  THFW  R(  7 )=0 

RM)=U(9)\RFM  FIIRWAFF  nilTPIIT 
Pi?r.  R(fi>=(U(  7HUm)*7.A\RFP.  FIFCIRTF  T?JPIIT 
far.  R(  7 >=.AUa  U(1?  17  n\RFK  HFAT  I HAT: 

S40  R(  R 1=(  U(  17  )+UM7  ) )/?\RFM  HHIIRF  TFP.P 
f;4'=i  R(  9 T=:U(  17  )\RFM  AhRTFf^T 
fiSO  R(  10  )=U(  in  )\RFK  r.RAUt  RPAFF  TFMP 
f.SS  R(  1 1 >=U(  1R  T\RFM  r.ni  1 FI'.TnR  TN'I  FT 
f.RA  TF  R(  1 1 )>R(  R )FS  THFf,’  mRIlR  1ROO 
^“^7  TF  R(11  XC)  THFK’  mRlIR  1 ROO 
fiF.R  R(  A 1=R(  7 HR(  7 HR(  4 >FR(  F.  )\RFM  RlIKH  Tf,'PilT 
FiAO  RC  17)='Jf  1A)\RFM  mi  I FFTHR  HilTI  FT 
F.AF.  R(  17  )=l.KR  1\RF«  mi  I FFTHR  FFF  TrTFNT.r 
R70  RM  4 1=U(  4 )\RFM  RRI  AR  FAf,’  RTATUR 
AOO  RFH  Ifii  PRTi','T  HITIIRI  Y TlATA  iii 


EQUATIONS  USED  TO  PROCESS  DATA 
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DAILY  PERFORHANCE  SUfIflARY  FOR  THE  TRACER  PROJECT  3/  28/80 


[«  COLL 

COLL 

PASSU 

FURN 

ELECT 

SUHH 

HEAT 

HOUSE 

AMBT 

CRAUL 

COLL 

COLL 

COLL 

SFAN 

INPUT 

OUTPUT 

SOLAR 

OUTPUT 

INPUT 

INPUT 

LOAD 

TEHP 

TEHP 

SPACE 

INLET 

OUTLET 

EFF 

STAT 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HRS) 

1 

.00 

.00 

.00 

10.00 

3.20 

13.20 

13.40 

21.24 

-.73 

4.73 

.60 

4.63 

.00 

.00 

*1 

L 

.00 

.00 

.00 

11.18 

2.92 

14.10 

12.94 

01  00 

.00 

4.72 

.77 

4.26 

.00 

.00 

3 

.00 

.00 

.00 

10.01 

3.33 

13.39 

13.20 

21.26 

-.38 

4.79 

1.64 

4.58 

.00 

.00 

4 

.00 

.00 

.00 

11.19 

2.48 

13.67 

14.50 

21.12 

-2.65 

4.30 

.62 

4.31 

.00 

.00 

5 

.00 

.00 

.00 

11.39 

3.35 

14.74 

14.34 

21.08 

-2.42 

3.85 

1.26 

3.95 

.00 

.00 

6 

.00 

.00 

.00 

10.72 

2.81 

13.53 

13.94 

21.15 

-1.70 

4.32 

1.52 

4.20 

.00 

.00 

7 

.06 

.00 

.00 

12.01 

3.67 

15.68 

13.51 

21.15 

-1.00 

4.J3 

1.29 

4.18 

.00 

.00 

8 

1.15 

.00 

.26 

10.16 

3.42 

13.84 

13.31 

21.45 

-.37 

4.57 

2.22 

3.83 

.00 

.00 

9 

5.37 

.00 

1.22 

8.86 

3.46 

13.53 

12.45 

21.75 

1.34 

5.37 

7.65 

4.23 

.00 

.00 

10 

12.40 

.00 

2.78 

6.77 

2.34 

11.89 

11.16 

22.06 

3.77 

6.16 

17.06 

5.03 

.00 

.00 

11 

23.18 

-.17 

5.22 

4.1? 

1.48 

10.72 

10.02 

22.63 

6.20 

7.64 

21.37 

16.43 

-.01 

.14 

12 

4.95 

.03 

1.13 

.00 

5.76 

6.92 

9.16 

21.45 

6.44 

7.46 

16.36 

11.56 

.00 

,02 

13 

7.90 

.00 

1.74 

.00 

5.11 

6.85 

0.61 

20.75 

6.64 

6.81 

12.61 

6.56 

.00 

.00 

14 

11.45 

.00 

2.52 

.00 

4.39 

6.92 

8.44 

21.58 

7.74 

6.93 

16.34 

6.44 

.00 

.00 

15 

10.86 

.00 

2.44 

.00 

6.26 

8.70 

8.71 

22.15 

7.37 

7.10 

16.26 

6.61 

.00 

.00 

1& 

11.14 

-.08 

2.52 

.00 

4.86 

7.30 

9.52 

23.11 

7.50 

7.10 

18.58 

8.18 

-.01 

.02 

17 

5.42 

.00 

1.22 

.00 

6.37 

7.59 

9.31 

23.39 

8.13 

7.36 

16.21 

7.11 

.00 

.00 

18 

2.43 

.00 

.52 

.00 

8.42 

8.95 

9.54 

22.46 

6.82 

6.89 

10.76 

6.94 

.00 

.00 

19 

.28 

.00 

.09 

.00 

3.71 

3.80 

9.77 

21.47 

5.45 

6.29 

7.71 

6.41 

.00 

.00 

20 

.00 

.00 

.00 

.00 

2.56 

2.56 

9.21 

19.90 

4.80 

5.91 

5.93 

5.89 

.00 

.00 

21 

.00 

.00 

.00 

.00 

1.94 

1.94 

8.75 

18.83 

4.48 

5.68 

5.34 

5.70 

.00 

.00 

22 

.00 

.00 

.00 

3.87 

3.85 

7.72 

8.53 

18.52 

4.53 

5.60 

5.14 

5.49 

.00 

.00 

23 

.00 

.00 

.00 

6.20 

2.30 

8.50 

9.18 

19.37 

4.32 

5.62 

5.12 

5.42 

.00 

.00 

0 

.00 

.00 

.00 

4.73 

2.59 

7.32 

9.47 

19.30 

3.78 

5.63 

4.82 

5.36 

.00 

.00 

96.64 

-.22 

21.66 

121.28 

90.65 

233.37 

260.95 

21.18 

3.36 

5.80 

8.24 

6.14 

-.00 

.18 
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DAILY  PERFORMANCE  SliHMARY  FOR  THE  TRACER  PROJECT  3/  29/80 


HR  COLL 

COLL 

PASSV 

FURN 

ELECT 

SUHH 

HEAT 

HOUSE 

AHBT 

CRAIJL 

COLL 

COLL 

COLL 

SFAN 

INPUT 

OUTPUT 

SOLAR 

OUTPUT 

INPUT 

INPUT 

LOAD 

TEMP 

TEHP 

SPACE 

INLET 

OUTLET 

EFF 

STAT 

(MJ) 

(MJ) 

(MJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HRS) 

1 

.00 

.00 

.00 

5.60 

2.12 

7.72 

9.73 

19.44 

3.49 

5.52 

4.66 

5.48 

.00 

.00 

2 

.00 

.00 

.00 

4.68 

2.45 

7,13 

9.87 

19,28 

3.09 

5.53 

4.31 

5.51 

.00 

.00 

3 

.00 

.00 

.00 

5.71 

2.41 

8.12 

10.01 

19.32 

2.91 

5.57 

3.83 

5.49 

.00 

.00 

4 

.00 

.00 

.00 

6.52 

1.76 

8.28 

9.77 

19,18 

3.16 

5.47 

3.73 

5.22 

.00 

.00 

5 

.00 

.00 

.00 

6.42 

3.42 

9.84 

9.81 

19.13 

3.09 

5.37 

3.59 

5.01 

,00 

.00 

6 

.00 

.00 

.00 

8.39 

1.94 

10.33 

9.38 

19.08 

3.71 

5.34 

3.77 

4.88 

.00 

.00 

7 

.03 

.00 

.00 

7.47 

3.35 

10.82 

9.60 

19.15 

3.41 

5.36 

3.99 

4.99 

.00 

.00 

8 

1.04 

,00 

.26 

6.13 

3.73 

10.17 

9.86 

19.35 

3.19 

5.47 

4.66 

4.98 

.00 

.00 

9 

2,91 

.00 

.61 

3.86 

5.29 

9.76 

8.69 

20.18 

5.94 

6.07 

8.08 

5.40 

.00 

.00 

10 

3.73 

.00 

.87 

2.89 

4.50 

8.26 

8.26 

20.34 

6.79 

6.54 

11.22 

5.90 

.00 

.00 

11 

14.02 

-.10 

3.13 

2.81 

1.73 

7.57 

6.90 

20.31 

8.99 

7,80 

20.54 

7.72 

-.02 

.02 

12 

18.77 

-.27 

4.18 

1.93 

1.91 

7.74 

6.19 

20.44 

10.29 

8,77 

23.85 

14.28 

-.01 

.11 

13 

11.19 

.00 

2.52 

1.48 

.97 

4.98 

6.10 

20.31 

10.30 

8.95 

21.40 

12.01 

.00 

.00 

14 

9.24 

.00 

2.09 

.83 

3.35 

6.27 

6.72 

20.56 

9.55 

8.74 

19.46 

8.83 

.00 

.00 

15 

4.73 

.00 

1.04 

2.43 

1.26 

4.73 

6.93 

19.98 

8.62 

8.36 

14.55 

8.12 

.00 

.00 

16 

3.59 

.00 

.78 

2.85 

2.59 

6.23 

7.43 

19.93 

7.74 

8.01 

12.68 

7.65 

.00 

.00 

17 

2.49 

.00 

.52 

4.10 

3.53 

8.15 

8.06 

19.61 

6.39 

7.41 

10.02 

7.09 

.00 

.00 

18 

1.25 

.00 

.26 

8.22 

4.54 

13.02 

9.43 

20.03 

4.49 

6.73 

7.90 

6.40 

.00 

,00 

19 

.00 

.00 

.00 

12.75 

8.28 

21.03 

12.83 

22.13 

1.15 

5.73 

3.95 

5.60 

.00 

.00 

20 

.00 

.00 

.00 

9.77 

4.97 

14.74 

13.19 

22.37 

.74 

5.30 

3.12 

5.24 

.00 

.00 

22 

.00 

.00 

.00 

27.13 

3.64 

30.77 

13.45 

21.66 

-.40 

4.43 

1.47 

4.36 

.00 

.00 

23 

.00 

.00 

.00 

11.43 

3.71 

15.14 

13.82 

21.90 

-.75 

4,44 

.81 

4.14 

.00 

,00 

0 

.00 

.00 

.00 

10.57 

2.27 

12.84 

13.95 

21.63 

-1.19 

4.22 

.75 

4.00 

.00 

,00 

73.09 

-.37 

16.27 

153.97 

73.76 

243.63 

220.03 

20.23 

4.55 

6.31 

8.36 

6.45 

-.00 

,13 

APPIJJDIX  II 


I DATA  ACQUISITIOI'I  SYSTITI 


II-2 


A low  coBt  data  acquisition  system  was  developed  for  solar  performance 
monitoring  and  is  pictured  in  Figure  1 on  the  following  page.  The 
heart  of  the  system  is  a Radio  Shack  TRS-80  computer  having  a 4K  memory. 
This  system  has  the  capability  of  40  input  channels  and  is  controlled  by 
a Level  II  BASIC  program  which  allows  the  user  to  structure  data  sampling 
and  processing  procedures.  Calibration  constants,  error  checks,  scan  rate, 
data  averaging,  printing,  etc.,  can  be  manipulated  using  this  program 
capability.  A real  time  clock  within  the  a/d  converter  chassis  is  used 
to  time  the  data  output  on  the  cassette.  Scanning  at  an  average  rate  of 
40  channels  per  five  seconds,  the  data  is  averaged  at  the  end  of  each 
hour.  This  data  is  then  written  onto  the  cassette  recorder  for  processing 
at  a later  time. 

Temperatures  were  measured  using  AD-590  transducers  made  by  Analog 
Devices.  A BASIC  computer  program  was  used  with  the  data  acquisition 
system  to  calibrate  the  probes  against  a precision  thermometer.  The 
absolute  accuracy  of  the  temperatures  measured  is  better  than  0,5°C  ( 1°F) , 
while  the  accuracy  of  small  temperature  differences  is  0.1°C  (0,18^F). 

Total  solar  radiation  on  the  collector  surface  was  measured  using  a 
silicon  cell  pyranometer.  The  device  was  manufactured  by  the  contractor 
and  is  moxznted  in  the  plane  of  the  solar  collector.  The  device  has  been 
referenced  to  NOAA  Standards  v;ith  an  estimated  overall  accuracy  of 

Electric  power  is  measured  using  clamp-on  ammeters  calibrated  on-site 
against  the  utility  ki-/h  meter.  The  status  of  motors,  dampers,  ourtains 
and  fans  is  determined  using  appropriate  relays,  microswitches  or  mercury 
sv;  itches. 

Flow  in  liquid  systems  is  measured  using  Hersey  l.IVR-30  turbine  meters 
which  have  been  interfaced  to  the  DAS.  Flow  in  air  systems  is  mapped  using 
a hot-wire  anemometer  for  a one-time  measurement  to  characterize  the  flow. 
Status  switches  and  softwcire  combine  the  one-time  measurements  to  calculate 
appropriate  heat  flow  quantities. 
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Video  display  of 
current  data  scan: 

40  chajinels,  time,  date 


Keyboard  for 

controlling  system 

(l)  Cassette  for  storing 
data  and  programs 


40  channels  analog 
input,  a/d  conversion 
(12  bit),  real  time 
clock 


— Power  supply  for 
computer  and  a/D 
interface 


12V  batteiy:  powers 
system  up  to  5 hours 
in  the  event  of  a 
power  shortage 


Figure  1:  Computer-Based  Data  Acquisition  System 
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NO-TICE 

This  report  V7as  prepared  as  an  account  of  v;ork  sponsored  by  the  Energy 
Division  of  the  Montana  Department  of  Natural  Resources  and  Conceivation 
through  the  Altern'ative  Renev.’able  Energy  Sources  Pj'ograni*  Neither  the  State 
of  Montana,  nor  the  Department,  nor  any  of  their  employees,  nor  emy  of  their 
contractors,  subcontractors,  or  their  employees,  make  any  vrarranty,  ex~ 
pressed  or  implied,  or  assumes  any  le,~al  liabili.ty  or  rcsnonsibility  for 
the  accurscyc  cor;'7;lctcncr.s  or  usefuD.necs  of  any  inform, at  ion,  avroaratus,  ■oro— 
duct  or  process  drsoluscd,  or  represents  that  its  use  uould  not  infringe 
privately-oxmed  rights. 


NOTE  ON  UNITS 


The  test  results  in  this  report  are  given  in  metric  or  SI 
vmits.  This  convention  corresponds  to  current  professional 
practice  and  is  in  accord  with  the  recommendations  of  the 
International  Solar  Energy  Society  and  most  technical  journals. 

Most  readers  are  familiar  with  the  Celsius  or  Centigrade 
temperature  scale  (®C)  and  with  power  measured  in  kilov/atts  (kl'’). 
The  metric  unit  of  energy  is  the  Joule  (j).  Most  energy  cruanti- 
ties  in  this  report  are  expressed  in  megajoules  (MJ)  v;hich  is 

10^  joules  or  a million  joules  (1,000  BTU  = 1 kBTU  = I.05  MJ). 

Since  one  MJ  is  about  one  thousand  BTU's,  a furnace  with  a 

rating  of  100  thousand  BTU/hour  \-;ould  he  rated  at  about  100  Mj/hour, 

This  approximate  conversion  vjill  be  useful  to  the  reader 

accustomed  to  thinking  in  thousands  of  BTU. 

Other  abbreviations  included  in  this  report  are:  1 = liters, 

? 

m = meters,  m = square  meters  and  kiJh  = kilowatt  hours. 


ABSTRACT 


This  residence  is  owned  by  Kurt  Hughes  and  is  located  about  13  miles 

south  of  Miles  City,  Montana.  The  house  is  an  earth-sheltered  design 

2 2 
having  a floor  area  of  114  m . The  area  of  the  solar  aperture  is  33m  . 

Heat  is  stored  in  an  interior  passive  solar  wall  and  in  the  concrete 

structure  of  the  house.  Auxiliary  heat  is  provided  by  a wood  stove  and 

a heat  pump  which  pumps  heat  from  the  ground  water. 

This  system  was  monitored  during  December  1979i  January  and  February 

of  1980.  During  the  monitoring  period,  the  passive  solar  system  provided 

90  percent  of  the  heating  requirements  of  the  house.  Temperature  swings 

of  up  to  19^C  were  measured  in  the  sun-space  portion  of  the  house.  Two 

systems  of  movable  insulation  were  used  to  reduce  the  heat  loss  through 

the  solar  collector  during  the  night.  The  performance  of  the  movable 

insulation  and  the  management  of  the  movable  insulation  were  less  than 

ideal  and  this  reduced  the  performance  of  the  solar  house. 


SOLAR  COLLECTOR 

Type:  Passive,  sunspace 
Aperture  Area:  33.3  m^  (358  ft^) 
Glazing:  Double,  glass 

STORAGE  SYSTEM 

Passive  V/all;  5 MJ-^C^ 

Slab:  10.75  MJ-°C-“'' 

Structure:  12 5 MJ-^C""^ 


AUXILIARY  HEAT 

Groimd  water  to  air  heat  pump 
Riteway  #37  wood  stove 

BUILDIMG 

Type:  Earth  sheltered 
Floor  Area:  II4  rn2  (1232  ft^) 
Loss  Factor:  O.7  to  0.8  MJhr”'* 
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1.0  INTRODUCTION 

The  Hughes  residence  is  located  about  13  miles  south  of  Miles  City, 
Montana.  The  house  cind  the  solar  system  were  designed  by  Mr.  Hughes  and 
much  of  the  building  v;as  done  by  Roland  Mueller.  The  house  has  been 
occupied  from  the  summer  of  1979  until  the  present. 

2 . 0 DESCRIPriON  OF  THE  HOUSE 

Photographs  of  the  exterior  of  the  Hughes  passive  house  are  shown 
in  Figu.re  1.  The  passive  glazing  faces  due  south  and  is  unobstructed. 

The  west  and  north  walls  of  the  house  are  buried  in  the  earth  as  shown 
in  Figure  1.  The  underground  portions  of  the  house  are  constructed  of 
concrete  and  the  above-ground  portions  are  insulated,  wood-frame 
construction. 

Figure  2 shows  a sectional  view  of  the  Hughes  house.  The  solar 
radiation  enters  the  house  through  the  aperture  into  a sun-space.  An 
interior  passive  solar  wall  made  of  concrete  blocks  £ind  containing  water- 
filled  plastic  pipes  separates  the  sun-space  from  the  rear  undergromd 
portion  of  the  house.  The  passive  solar  wall  and  the  slab  floor  of  the 
sun-space  were  designed  as  heat  storage  elements.  A section  detail  of 
the  passive  solar  wall  is  shovm  in  Figure  2.  Figure  3 shows  photographs 
of  the  solcir  aperture  and  an  interior  view  of  the  sun-space  and  the 
passive  solar  vjall,  A plan  view  of  the  house  is  shovm  in  Figure  4. 

The  sun-space  region  is  used  for  the  living  room  and  dining  room.  The 
underground  portion  of  the  house  is  used  for  bedrooms  and  utility  room. 

2.1  Auxiliary  Heat 

Auxiliary  heat  is  supplied  by. a wood  stove  and  a water-to-air  heat 
pump.  The  heat  pump  is  located  in  the  utility  room  and  ground  v;atcr  is 
circulated  past  its  condensing  coils.  Air  is  drawn  from  the  sun-space 
through  the  heat  pomp  and  circulated  through  a duct  system  to  the  house. 
The  wood  stove,  a Rightway  Model  37»  is  located  in  the  living  room  in  the 
sun -space.  The  heat  pump  and  the  stove  are  shov/n  in  photographs  in 
Figure 

The  air  flow  rate  through  the  heat  pump  was  deteimiined  by  measuring 
velocities  across  the  duct  sections  using  a hot-v/ire  anemometer.  The  flov; 
\/as  inotasured  at  t};,e  inlet  (Ino’i  and  the  outK-t  duct  of  the  heat  pnmn  <?.nd 


the  average  value  used  to  calculate  heat  output.  Figure  6 chows  graphs  of 
the  velocity  distributions  in  tliese  ducts.  The  velocity  was  non-xiniform 
across  the  section  due  to  elbov/s  in  the  ducts  near  the  heat  pump.  The 
two  flow  measurements  agreed  to  v;ithin  four  percent. 

2.2  Movable  Insulation 

The  solar  collector  had  two  systems  of  movable  insulation.  The  lower 
half  of  the  vjindow  was  insulated  by  foam  panels.  The  panels  are  shown  in 
the  photograph  in  Figure  7»  The  panels  are  constructed  of  styrofoam  bead 
board  7»5  cm.  thick  and  have  a wood  frame.  The  panels  are  set  into  a 
tract  built  into  the  window.  The  panels  are  installed  and  removed  manually 
by  the  owner.  The  panels  are  stacked  against  the  wall  when  they  are 
removed  as  shown  in  Figure  7« 

The  upper  half  of  the  solar  windov;  is  insulated  by  vrindow  quilts. 

These  shades  are  0.7  cm.  thick  and  are  stored  on  individual  rollers  at 
the  top  of  the  window.  These  shades  are  operated  manually  by  the  owner. 

The  efficiency  fuid  operation  of  the  movable  insulation  is  a very 
important  feature  in  thermal  performance  of  this  house.  Temperature  probes 
were  placed  in  the  air  space  betv/een  the  movable  insulation  and  the 
glazing  for  both  the  upper  and  lower  insulation  systems.  Knowing  this 
temperature,  the  house  temperature  and  the  outside  ambient  air  temperature 
allows  calculation  of  the  effective  heat  loss  co-efficient  through  the 
insulation.  Figure  8 shows  a schematic  of  the  movable  insulation  system, 
the  points  of  temperature  measurement  and  the  heat  flows.  The  equation 
shovm  in  Figure  8 was  used  on  several  sets  of  data  to  calculate  the 
effective  heat  loss  co-efficient  of  the  curtain.  Some  typical  values  of 
these  co-efficients  are  shown  in  Table  1.  It  is  important  to  note  that 
the  measured  effective  heat  loss  through  these  curtains  is  about  four  times 
the  anticipated  heat  loss. 

The  poor  performance  of  the  movable  insulation  appears  to  be  due  to 
the  infiltration  of  air  into  the  space  between  the  insulation  and  the 
glazing.  An  approximate  calculation  showed  that  an  air  velocity  due  to 
leakage  of  only  0.1  m/sec  v;ould  reduce  the  effective  heat  loss  from  the 
anticipated  design  value  to  the  measured  value. 

2.3  Heat  Load 

The  calculated  heat  loa.;i  for  the  Hughes  house  is  shovm  in  Table  2,  The 
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heat  load  of  the  house  changes  significantly  depending  on  the  status  of 
the  movable  insulation.  During  the  monitoring  period,  the  movable 
insulation  was  operated  on  an  irregular  schedule.  To  account  for  this, 
heat  load  factors  for  each  combination  of  insulating  curtain  status  were 
used.  These  values  are  shown  in  Table  2.  Note  that  the  heat  loss  factor 
of  the  house  can  change  by  25  percent  depending  on  the  status  of  the 
curtains, 

0 

3 . 0 ThANCDUCKR  AilRANGrai^NT  AND  CONCICPTUAL  NODEl/ 

Figure  9 shows  a schematic  section  of  the  Hughes  house  chov;ing  the 
locations  of  trcuisducers  monitored.  Details  of  the  transducer  mounting 
are  listed  in  Table  3*  A manual  status  switch  was  installed  to  be 
operated  by  the  owner  when  lie  removed  or  installed  the  movable  insulation. 
This  proved  to  be  unreliable.  The  temperature  probes  between  the  movable 
insulation  and  the  glazing  were  used  to  determine  the  status  of  the  movable 
insulation.  VJe  found  there  were  times  when  the  upper  or  lower  or  both 
systems  of  movable  insulation  would  be  open  at  night  or  closed  during  the 
day  v;hen  the  sun  was  out.  Because  of  this  complicated  schedule,  the  solar 
input  to  the  house  vras  considered  as  two  parts,  the  upper  solar  gain  and 
the  lower  solar  gain.  Further,  each  gain  had  two  values,  depending  upon 
whether  the  movable  insulation  was  in  place  while  the  sun  was  shining  or 
removed.  There  were,  thus,  four  combinations  of  solar  gain  and  four 
combinations  of  heat  loss  associated  v;ith  the  aperture. 

The  wood  stove  was  used  during  much  of  the  monitoring  period.  The 
heat  output  of  the  wood  stove  is  difficult  to  measure  accurately,  V/e 
placed  a temperature  probe  very  close  to  the  wood  stove  so  that  we  would 
know  v;hen  there  was  a fire  in  the  stove.  An  empirical  equation  was 
devised  to  use  this  temperature  to  calculate  an  approximate  heat  output  from 
the  wood  stove. 

The  heat  input  from  the  heat  pump  v/as  measured  by  determining  the 
inlet  and  outlet  temperatures  and  the  flov;  rate  through  the  heat  pump. 

The  heat  loss  from  the  building  was  calculated  using  the  heat  loss  factor 
multiplied  by  the-  temperature  difference  between  the  inside  house  air  and 
the  ambient  air. 

Three  heat  storage  elements  v/ere  considered.  These  are  shown  in 
Figore  9'  t’le  passive  slab  in  tljo  sun-space,  the  passive  solar  wall  and 
the  remaining  underground  concrete  structure.  A temperature  probe  was 

^Instrumentation  described  in  Appendix  II 


placed  on  the  surface  of  the  slab  and  this  value  used  to  determine 
passive  slab  temperature.  Three  probes  were  placed  inside  the  passive 
solar  wall  and  averaged  to  determine  passive  wall  temperature.  A single 
probe  was  placed  at  the  rear  of  the  house  on  the  surface  of  the  concrete 
fo\indation  juid  insulated  to  measure  the  temperature  of  the  surface  of 
the  concrete.  The  thermal  masses  of  those  three  elements  was  determined 
using  their  dimensions  and  handbook  values  for  density  and  specific 
heat.  The  hourly  heat  exchange  to  or  from  these  three  elements  was 
assumed  to  be  the  thermal  capacity  of  the  element  multiplied  by  its 
temperature  change. 

4.0  DATA  ANALYSIS  AND  HEAT  BALANCE 

The  accuracy  of  the  data  was  assessed  by  performing  a heat  balance 
on  the  hourly  datai  the  daily  data  and  the  monthly  data.  The  basic  heat 
balance  equation  is  shovm  below: 

Input  Heat  - Stored  Heat  = Output  Heat 

'The  inputs  consisted  of  solar  radiation  through  the  upper  and  lower 
portions  of  the  aperture,  heat  from  the  v;ood  stove  and  from  the  heat 
pump.  Heat  could  be  stored  in  the  passive  slab,  the  passive  solar  wall 
and  the  mass  of  the  house.  The  heat  output  depended  upon  a heat  loss 
factor  multiplied  by  the  temperature  difference  between  the  house  and 
the  outside  ambient  air. 

4. 1 Hourly  Data 

Table  4 is  an  example  of  hourly  data  for  January  28.  Listed  in  the 
table  are  the  hourly  values  of  the  energy  inputs  and  outputs,  the  changes 
of  stored  energy  and  the  calculated  loss  of  energy.  Also  shov/n  in  the 
right-hand  section  of  this  table  aJ’e  the  temperatures  in  degrees  Celsius 
of  important  elements  in  the  house.  The  table  shows  hourly  values 
beginning  at  1:00  a-.m.  on  the  basis  of  a 24-hour  clock.  The  bottom  line 
of  the  table  shows  total  energy  values  summed  for  the  entire  day  and 
average  temperature  values  for  the  day.  The  column  titled  SUM  IIIPUT  is 
the  sum  of  the  energy  inputs  and  the  changes  in  the  stored  energy.  Next  to 
this  column  is  the  CALC  LOSS  which  shows  a calculated  heat  loss  of  the 
house  during  this  hour.  A comparison  of  the  SUTi  INPUT  and  CALC  LOSS 
columns  on  an  hourly  basis  allov;s  an  evaluation  of  the  heat  balance 
equation  for  the  house. 
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The  ambient  temperature  during  the  day  is  seen  to  be  around  -I5  to 
-25°C.  It  is  a very  cold  day.  During  the  early  morning  hours,  heat  is 
delivered  to  the  house  from  the  three  storage  elements;  the  passive  wall, 
the  passive  slab  and  the  mass  of  the  house,  as  well  as  the  wood  stove. 
Eetwecn  6:00  and  ']:00  a.m.  the  heat  pump  also  delivered  a small  amount  of 
heat  to  the  house.  D^iring  the  day,  the  upper  curtain  was  open  but 
the  lower  curtain  was  closed.  The  columns  UPPKR  Cbl^T  and  IXDV.'ER  CUIiT  are 
the  readings  of  the  temperature  probes  in  the  space  between  the  insulating 
curtain  and  the  glazing.  Notice  that  the  temperatures  in  the  lower  curtain 
space  reach  due  to  the  solax  radiation  entering  this  closed  space. 

Heat  is  entering  the  house  through  the  lower  insulating  curtain  due  to 
these  high  temperatures.  This  quantity  is  shown  in  the  LOVJER  SOLAR  column. 
Notice  that  the  quantity  is  less  than  the  energy  in  the  UPPER  SOLAR  column 
where  the  insulation  has  been  removed. 

During  the  flov;  of  the  day  when  the  sun  is  shining  the  stored  energy 
quantities  are  negative  indicating  that  they  are  absorbing  energy  from  the 
sun  and  from  the  warm  house  air.  The  stove  does  not  operate  during  this 
portion  of  the  day.  At  I9OO  hours  or  7:00  p.m.  the  stove  is  fired  and 
begins  putting  heat  into  the  house.  The  storage  elements  are  also  cooling 
down  and  delivering  heat  to  the  house. 

Three  house  temperatures  are  shown  in  the  table,  the  temperature  of 
the  sun -space,  the  temperature  of  the  rear  undergroiind  portion  of  the 
house  and  the  average  of  these  two  titled  HOUSE  TEMP.  The  sun-space  is 
seen  to  respond  more  rapidly  to  the  solar  radiation  as  expected. 

Hourly  data  sheets  such  as  these  for  the  entire  monitoring  period  are 
shown  in  Appendix  I.  This  hourly  data  forms  the  basis  of  the  summary  of 
the  performance  of  this  house. 

4.2  Summary  Data 

The  hourly  data  is  condensed  into  daily  average  values  and  sujiiinaxies. 
The  daily  summaries  for  three  months  are  shown  in  Tables  9 , 6 and  7.  The 
format  of  these  tables  is  similar  to  the  hourly  data  tables  except  that 
the  upper  and  lov;er  curtain  temperatures  have  been  replaced  by  high  and 
low  temperatures  in  tlie  house  during  that  day.  The  high  and  low 
temperature  columns  show  the  temperature  sv/ing  in  this  house.  This  is  an 
important  feature  of  p-'O.sive  solar  houses.  Notice  that  the  temperature 
cu’iug  is  normally  greater  on  very  clear,  sunny  days  as  v/outd  oe  expected. 
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Tho  heat  pump  io  oeen  to  supply  only  a small  amount  of  the  house  heat 
load  excepting  during  a period  from  the  24th  of  December  through  the  29th. 
The  ovmer  was  on  a vacation  during  this  period. 

The  overall  performance  summaiy  for  the  entire  monitoring  period 
was  summarized  in  Table  8. 

5.0  GRAPHICAL  DATA 

Graphical  data  is  useful  in  presenting  a picture  of  the  performance 
of  this  house  and  is  useful  during  the  analysis  and  data  processing  phase. 
A graph  of  hourly  data  is  presented  in  Figure  10.  This  graph  covers  a 
time  span  of  five  days.  The  upper  part  of  the  graph  shows  the  temperature 
variations  in  the  passive  solar  wall|  the  average  house  temperature,  the 
underground  concrete  foundation  and  the  ambient  temperature.  The  lower 
portion  of  the  graph  has  three  graphs  showing  the  input  energies  from  the 
sun,  the  wood  stove  and  the  heat  pump, 

A main  feature  of  this  graph  is  the  response  of  both  the  house  and 
the  ambient  temperatures  to  the  solar  radiation.  The  house  is  seen  to 
warm  up  each  day  as  the  sun  comes  out  and  cool  during  the  night.  The 
passive  solar  v;all  reaches  higher  temperatures  than  the  house  average 
air  temperature  because  it  is  subjected  to  direct  solar  radiation.  The 
ambient  temperatures  v;ere  quite  low  during  this  period  so  that  the  wood 
stove  t^d  ^he  heat  pump  v/ere  used  during  the  night  to  supply  heat  to  the 
house. 

Figure  11  shows  another  five-day  period  of  the  behavior  of  the  house. 
During  this  period  there  were  two  sunny  days  follov;ed  by  a partially  sunny 
day,  then  a day  v;ith  almost  no  solar  radiation  and,  finally,  a clear  day. 
The  ambient  temperatures  during  this  period  averaged  around  0°C  and 
slightly  belov;  so  that  the  heat  load  on  the  house  was  not  great.  Note 
that  the  house  ran  100  percent  on  the  solar  radiation  during  the  first 
part  of  the  week  and  the  v;ood  stove  was  only  required  during  the  cloudy 
period  on  the  fourth  day.  Note  that  the  large  temperature  sv/ings  in  the 
house  occur  every  day  that  there  is  solar  radiation  and  is  proportional 
to  the  amount  of  solar  radiation. 

In  Figures  10  and  11,  the  temperature  of  the  underground  concrete 
is  seen  to  be  very  stable,  changing  loss  than  a degree  Celsius.  The  graph 
in  Figure  12  v.’as  generated  from  the  same  data  as  the  graph  in  Figure  11. 
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For  thin  fcro.ph,  aii  expounded  scale  of  temperature  was  used  for  the 
underground  concrete  v;all.  This  scale  is  shovm  on  tlie  right  of  tlie 
graph*  It  is  interesting  to  note  that  the  back  wall  does,  indeed,  respond 
to  the  solar  i-adiation  and  to  the  air  temperature  variations  in  the  house. 
The  air  temperatures  in  the  house  may  change  10  to  20  degrees  Celsius  but 
the  back  wall  during  the  same  time  may  only  change  one  degree  Celsius. 

A summary  graphical  presentation  of  the  performance  of  this  house  is 
shown  in  Figures  13|  lA  and  I5,  This  graph  shows  the  average  house 
temperature  and  the  average  ambient  air  temperature  on  a daily  average 
basis.  The  lov;er  part  of  the  graph  consists  of  a bar  graph  showing  the 
energy  inputs  to  the  house.  Elements  of  thin  bar  graph  include  solar 
energy  input,  a wood  stove  energy  input  and  heat  pump  input  on  a daily 
average  basis.  These  graphs  are  useful  in  gaining  a feeling  for  the 
response  of  this  house, 

6.0  PREDICTED  PERFORJb^J^CE 

The  annual  performance  of  this  house  was  analyzed  using  a modified 
f-chart  design  procedure.  The  solar  data  input  is  based  on  a four-year 
average  from  Miles  City  and  the  weather  data  consists  of  long-term 
averages  from  Miles  City.  The  heat  load  factor  of  the  house  ivas  an 
average  value  v/hich  accounted  for  the  insulating  curtains.  The  balance 
point  temperature  of  the  house  v;as  assumed  to  be  l8.3  °C  (65  ^) . The 
results  of  the  analysis  are  shown  in  Table  9» 

The  f-chart  analysis  predicts  a 46^  solar  fraction  (14,028  MJ  solar) 
during  the  monitoring  period.  The  measured  solar  fraction  was  A9»lfo 
(12,876  MJ  solar)  for  this  period.  This  agreement  is  well  within  the 
assumptions  of  the  design  method  and  the  input  environmental  data.  The 
close  agreement  is  due  to  the  compensating  effect  of  assumed  and  actual 
values  for  house  balance  point  temperature,  solar  radiation  available  at 
the  site  and  ambient  temperatures.  The  design  procedure  predicts  an  annual 
solar  fraction  of  62>%  which  is  judged  to  be  a reasonable  value. 
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TABLE  1 

HEAT  LOSS  OF  INSUI.ATI1IG  CURTAINS  AND  PANELS 
Sample  Bata  on  January  21  - 3 AM 


Temperature,  Effective  U 


Ambient 

Space 

House 

kj/hr  m^  °C 

Btu/hr  ft 

1 

Lo\ver  Panels 

-11.6 

3.0 

22.95 

0.19 

1.08 

dpper  Curtain 

-11.6 

9.4 

22.95 

0.09 

0.57 

dlass 

0.12 

0.68 

Voam,  7»5cra  (3in) 
deflective,  iiiulti 
handbook  Value 


thick 

layer, 


on  roller 


Note;  Figure  8 (page  23)  chovjs  the  equations  used  to  calculate  the 
Effective  U and  the  transducer  arrangement. 
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TABLE  2 

HUGHES  HOUSE  iOOAT  LOAD 


Bv 

U 

Area 

U X A 

(Bti’/hr  ft^  °P) 

(sq.  ft.) 

Ccilinfj 

40 

.25 

1360 

34 

Praine  Ualla 

20 

.5 

460 

23 

Concrete  Ualls 

60 

.0167 

560 

9 

Ploor 

80 

.013 

1232 

15 

VI  indov/B 

9 

.111 

29 

3 

Upper  Collectors; 

w/cur tains  open 

1.72 

.58 

180 

104 

w/curtains  closed 

3.6 

00 

CM 

« 

180 

80 

Lov/er  Collectors; 

w/curtains  open 

1.72 

.58 

180 

104 

v;/curtains  closed. 

2.65 

.378 

180 

68 

*Infiltration:  14»300 

X i- 

CO 

0 

• 

129 

Btu/hr  °P  Ej/hr 


TOTALS ; 

Both  Upper  and  Lower  Curtains  Open 

421 

0.80 

Only  Upper  Curtain  Open 

385 

0.73 

Only  Lov/er  Curtain  Open 

367 

0.70 

Both  Curtains  Closed 

331 

0.63 

*Assiuning  air  chajige/hour 
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TYPES: 


TABLE  3 
TRANSDUCEP  LOG 


S - SOLAR 

'1’  “ HUGHES  HOUSE 

I>r  - DUCT  TEi'lP 
ST  - STATUS 
P - POVJEit 


DISK  # 

RS  // 

PROBE 

TYPE 

LOCATIOir  AUD  MOUKTING 

1 

1 

3 

S 

Outeido  Solar  TrauBducer: 

Moimted  on  plane  of  Collector  surface 

2 

2 

P 

Heat  Pump  Pov'er;  An  Amp  Clamp 
in  the  control  box  of  the  Heat  Pump 

3 

3 

P 

L'ater  Heater  Povjor:  An  Amp  Clamp 

5 

5 

4 

S 

Inside  Solar  Trancducer:  Hung  in 

Bun-cpace  area  parallel  to  the  Collector  surface 

6 

6 

ST 

Lov;er  Curtain  Statue: 

Manual  switch  on  west  wall  by  Collectors 

7 

7 

ST 

Upper  Curtain  Status:  Calculated 

8 

8 

ST 

Heat  Pump  Status: 

A relay  in  the  Heat  Pump  control  box 

9 

29 

45 

46,  47 

T 

Passive  Wall  Temperature:  A set  of  three 
averaging  probes  inbeddod  in  the  Passive  Hall 

10 

30 

I 

0 

, .U 

T 

Heat  Pump  Temperature  Differential: 

The  difference  betvjcen  inlet  and  outlet 
temperatures  vjhon  the  Heat  Pump  is  on 

11 

31 

52 

53,  54 

DT 

Heat  Pump  Inlet  Temperature:  A set  of 
averaging  probes  in  the  Heat  Fiimp  inlet  duct 

12 

32 

55 

56.  57 

DT 

Heat  Pump  Outlet  Temperature:  A oet  of 
averaging  probes  in  the  Heat  Pump  outlet  duct 

13 

33 

10 

T 

Sun-space  Temperature:  A temperature 

probe  hvmg  from  the  ceiling  in  the  Sun-space  Area 

14 

34 

1 

T 

Back  VJall  Temperature: 

A temperature  probe  on  the  rear  concrete  wall 

15 

35 

12 

T 

Rear  House  Temperature:  A temperature 
probe  hung  from  the  coiling  in  the  Sev/ing  Room 

16 

36 

13 

T 

Lov;er  Curtain  Temperature:  A temperature 
probe  between  the  lower  curtain  and  glazing 

17 

37 

14 

T 

Stove  Temperature:  A temperature  probe  located  near 
the  v;ood  stove  to  help  determine  the  stove  oirtput 

18 

38 

15 

T 

Concrete  Slab  Temperature:  A temperature 
probe  on  the  pac.sive  concrete  storage  slab 

19 

39 

17 

T 

Upper  Curtain  Temperature:  A temperature 
probe  botViCCT.  the  unoci'  curto'jn  r'od  glazing 

20 

40 

18 

T 

Ambicnr  Tomperoture:  A ic-rupeiataro  rv.. ec  .ac 

north  side  of  house  in  a double  radiation  shield 
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TABLE  4 


EXAMPLE  OF  HOURLY  PERFORMANCE  SUIM/JiY 


FOR  Omi  DAY  IN  JA-NUARY 


m.)  FC-‘  THE  Hr,H:S  PFOJF.r-T  1/  23  1107 


p. 

Ur-'PER 

LC'J-R 

PASS 

PASS 

H28S^ 

HEAT 

STOVE 

SV.ii 

CALC 

PASS 

P,ASS' 

PASI; 

S'J.i 

REAR 

li 

U^PER 

l.n'J.-R  AhBT 

HEAT 

S'lLAR 

S'T.A-: 

US’.L 

SLAB 

^ASS 

Pl’f^ 

IhPLT 

TliO-lT 

1 1 ‘ • VJ  1 

less 

BALL 

SLAB 

BALL 

rr  •‘-rr 
u'.  r ^5- 

TSH" 

C'JXI 

CBSi  TEri- 

FJv 

(HJ) 

(fl.I) 

(hi) 

(Nl) 

(hi) 

(hi) 

(hi) 

(hi) 

(hi) 

(C) 

(C> 

(C) 

(C) 

(C) 

(C) 

(C) 

( C ) ' C) 

(r.i) 

1 

,0 

.0 

2.0 

1.9 

2.5 

.0 

19,5 

25.9 

23.4 

21.52 

17.97 

13.65 

20.1 

16.6 

18.4 

-4.7 

5.2  -26.7 

.0 

0 

i 

►0 

.0 

1,9 

1.7 

3.S 

.0 

18.4 

25.7 

23.1 

'll  1 i 

A i * i T 

17.81 

13.63 

19.2 

16.3 

17,8 

“5.5 

4.6  -26.3 

.0 

3 

.0 

2.0 

1.7 

5.0 

.0 

19.5 

22.2 

iOf  A 

7'  t; 

Afc’f,'  T 

17.65 

13.60 

19.3 

16.1 

17,7 

-5.9 

4.3  -27.1 

.0 

4 

Jj 

.0 

1.8 

1.9 

IC.O 

.0 

19,2 

32.9 

77  ; 

AU 

20.33 

17.47 

13.56 

18.9 

15.9 

17.4 

-6.2 

-27.6 

.0 

5 

.0 

.0 

2.0 

1.7 

10.0 

,0 

17,8 

31.5 

23.3 

19.^? 

17.31 

13.4S 

18.0 

15.4 

16.7 

-6.6 

3.6  -23.2 

.0 

i 

/j 

.0 

1.8 

2.4 

-6.3 

.0 

21.5 

19.3 

23.5 

19.64 

17, C? 

13,40 

1S.5 

15.2 

16.9 

-6.7 

iJ.i.  i.0.0 

.0 

7 

,0 

,0 

1,0 

.4 

1.3 

8.9 

30.9 

42.3 

29.0 

19,45 

17,05 

13.45 

20.3 

15.9 

18.1 

-5.9 

3,1  -23.0 

3.5 

P 

.0 

.0 

-.1 

^ i. 

3.8 

.5 

20.9 

i 

2?.  2 

19.47 

17,03 

13.44 

20.6 

15.7 

IS.l 

13. i 

f.  -r  0 

j . j i.  0 * i 

.4 

9 

15*1 

,0 

-1.3 

-.1 

-5.0 

.0 

18.3 

07 

i f V 

n7  z 
>0 

19.72 

17.04 

13.41 

23.2 

16.0 

19.6 

24.4 

T/  r c; 

Z.  £.  . J i.0  . J 

.0 

u 

10 

23*1 

6.3 

-7.9 

-3.2 

-11.3 

,0 

17.9 

7 '\  r 

J 'r\ 

7i  7 

ilV-  ♦ u 

21.30 

17,34 

23.0 

17.6 

21,3 

31.6 

Z z 

-t  1.  . T i.  u . T 

,0 

L 

1! 

35*9 

11.8 

-It.B 

-3-0 

-12-5 

.0 

17.7 

39.1 

77  / 

f T 

23.65 

17-62 

13,54 

Ov'  7 

AUt  ' 

18.7 

22.7 

TT  C 

J Jk  -J 

53.9  -19>J 

.0 

}> 

i.- 

12 

42.0 

14. B 

-15.7 

-3.2 

-16.3 

.0 

.0 

21.6 

7c;  A 
jL  J t J 

o;  77 

iO..  / 

17.92 

13,64 

23.7 

19.8 

24.2 

33.0 

69.0  -17.5 

.0 

li 

13 

42.4 

15,3 

-15.9 

-3.2 

-8.S 

.0 

.0 

30.9 

74  q 

J.  t t 7 

V- 

18.22 

13.77 

30.0 

20,6 

25.3 

32.3 

74,6  -16.2 

.0 

u 

14 

3’.9 

17.4 

-11.7 

-2.6 

-12-5 

.0 

,0 

30.5 

7 4 C 
AT  *•  U 

32.2? 

18.46 

13.84 

30.8 

21.1 

25.9 

33.1 

/ d t i -15.4 

.0 

u 

15 

33.2 

16.6 

-5.2 

-0  0 
L^L 

-6.3 

.0 

,0 

36-2 

2^.8 

33.33 

18, 66 

13.94 

A 

J w ♦ V 

21.3 

26.1 

32.6 

7Z  / _ic;  7 
/ u * -r  1 J . i. 

.0 

1! 

15 

'■n  0 

LLfx. 

13.5 

-1.6 

“1.5 

.0 

.c- 

.0 

32.5 

24.8 

33.65 

to  0; 

iO ' j- 

13,9? 

no  7 

A.'  * / 

21.3 

O'T  r 
aJi  J 

0 v'  1 w* 

Z i ^ — 1 ^ c 

U J V J irj  » J 

.0 

L‘ 

17 

7.1 

6.8 

5.C 

-.4 

5.0 

,0 

.0 

23.5 

24-7 

32-65 

1C  0^. 

X U*  V > J 

13.9? 

! 7 
lOy  • 

20.2 

01;  i 

A JtT 

26,1 

45.2  --ir.? 

.0 

U 

IS 

.0 

.0 

12.6 

1,4 

-1.3 

.0 

12.7 

*10  0 

A 1 -■ 

30,13 

jC^77 

13.43 

21.8 

18.7 

20,7 

18,1 

23.5  -20.4 

.0 

L! 

19 

.0 

.0 

9.3 

1.3 

-1.3 

,0 

10.2 

19.5 

27.6 

23.23 

13.60 

13.96 

23.8 

13.7 

21.2 

7.5 

17.9  -22,5 

.0 

20 

.0 

.0 

5.9 

1.3 

IC.O 

.0 

11,5 

23.7 

27.  S 

27. 1C 

18.43 

13.97 

23.5 

18.5 

21.0 

3*5 

14.1  -23.2 

.0 

21 

.0 

.0 

4,9 

1.7 

6.3 

.0 

11:.5 

24.4 

77  7 

AU?  u 

26.12 

18.32 

13.S? 

00  z 

AA  l U 

18.1 

20.3 

0 

fU 

11.2  -24.4 

.0 

2? 

.0 

.0 

4.9 

0 T 

i.  > i. 

1.3 

.0 

11.3 

19.6 

77  7 

AUfr  A 

'1^. 

LiJ. 

18.12 

13.04 

01  z 

A. » I V 

17.6 

19.6 

-.9 

-t  '■j  r '“1 

T.6 

.0 

23 

.0 

.0 

4.3 

2.0 

5,0 

.0 

It. 8 

23.1 

23.5 

01  T3 

i.T  , i. 

17.93 

13,83 

21.2 

17.2 

19.2 

0 

A 

7,9  -26.1 

.0 

0 

.0 

.0 

3.4 

1.7 

5.0 

.0 

13.2 

23.3 

z?.o 

23.60 

17.77 

13.79 

21.4 

17,0 

19.2 

-2.7 

/ »v  -tO.P 

.0 

2A7,C 

103.5 

-8.5 

4.1 

-12-5 

9.3 

2?0,8 

653.S 

654.4 

25,0 

17.9 

13.7 

23.5 

17.9 

or-  7 

AV  > t 

11.4 

27.4  -23.2 

0 

12 


TABLE  5 

DAILY  SWMARY  OP  PERFORMANCE  FOR  DECEMBER 


DAILY  F'Ef;.-G^.iA'{CE  S'J.iiAGY  FGE:  THE  H'JGH-S  PROJECT  12/  7 3 


DA 

tPPcf’’ 

LGLZR 

PASS 

PASS 

HG’JSE 

HEAT 

STOVE 

so, 41 

CALC 

PASS 

PASS 

PACK 

S'J)I 

REAR  HTJSE 

LC’J 

HIGH 

AH6T 

HEAT 

SOLAR 

SOLAR 

WALL 

SLA& 

HASS 

PLI.iR 

INPUT 

INPUT 

LOSS 

UALL 

SLAS 

UALL 

S^ASE 

TEHP 

TEfi^ 

TEHP 

TEH^ 

Tt.i-' 

PU.i' 

(hJ) 

(HJ) 

(M) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HJ) 

7 

,0 

.0 

11,0 

7,3 

3.8 

.0 

.0 

22,1 

74,0 

19.4 

17.7 

13.8 

15.5 

16.3 

15.9 

14.4 

16.7 

-10.5 

.0 

3 

253.6 

20^,8 

-24,3 

-26.4 

u'  t V, 

10.0 

.0 

367.7 

340.6 

23.1 

19.1 

13.9 

21.2 

19.1 

20.1 

12.3 

35.2 

1 3 

14.4 

9 

151.5 

137.6 

8,8 

-2,7 

“>j/ . 5 

.0 

.0 

257.7 

259.2 

23.2 

20.4 

14.3 

21.0 

19.0 

20.0 

15.3 

30.5 

5.2 

1.5 

10 

2,5 

.0 

26.5 

33.2 

23.3 

31.6 

165.6 

233,1 

303.2 

17.3 

18.0 

14.4 

15.8 

16.0 

15.9 

14,4 

17.7 

-2.6 

13.1 

11 

262,8 

00  7 

i.  ♦ / 

-22,9 

-8.0 

52 » 5 

40.0 

457,9 

875.1 

562.0 

23.1 

17.5 

14.0 

21.5 

13.9 

0,0  0 
L\r  \L 

14.0 

34,4 

-15.1 

15.2 

12 

161,6 

55.9 

6.7 

4.0 

.J 

/I 

322,1 

537,8 

365.8 

22,0 

17,6 

13.7 

18.9 

13.0 

13.4 

14.2 

29.0 

-4.3 

.0 

13 

007  c 
LL/  \ J 

227,5 

-14,3 

-19.0 

-38.8 

30 1 J 

lO.'v  0 

iViii-L 

593.7 

476.6 

2j»  3 

18.9 

13.6 

20.3 

1B.9 

19. S 

11.9 

34.0 

“6.6 

11.6 

H 

1C1.2 

95.6 

19.5 

13.3 

2.5 

.0 

,0 

230,1 

267.9 

19.7 

18.3 

13.3 

17.3 

17,0 

17,1 

13.4 

24.1 

1.1 

.0 

15 

,8 

.0 

-17.3 

3,3 

63.8 

43.9 

if:2?3.7 

4393.2 

524.4 

18,3 

17.4 

13.6 

20.9 

17.1 

19.0 

11.7 

23.4 

-18.5 

17.9 

16 

071  c 
L^L  , J 

230.1 

3,5 

-11.4 

21.3 

.0 

a200.0 

4674,9 

754.1 

O';  T 

19.4 

13.2 

23,2 

19.1 

21,1 

13.9 

55.3 

-24.5 

.0 

17 

3.2 

.7 

10.2 

14.4 

36.3 

.0 

4150.0 

4234.7 

248,7 

17.1 

17.2 

13.0 

15.8 

15.5 

15.6 

12.0 

23.3 

-2.5 

,0 

13 

30,8 

O^L  C- 

-13,3 

“30.6 

-10.0 

.0 

,0 

■700  7 
ii-U  » J 

245.1 

70  7 

20.2 

12.9 

lJ  >\} 

20.7 

23.1 

13.5 

35.6 

6.9 

.0 

1? 

29,6 

246,4 

3.5 

-1.4 

-7.5 

.0 

,0 

270,  A 

332.0 

21.8 

20.8 

13.0 

0 

Ll  47 

19.1 

20,5 

14.5 

35.1 

-1.4 

.0 

17.6 

139,0 

14,5 

15.1 

2,5 

.0 

,0 

183.6 

070  7 
Lf  7 > L 

19.8 

19.6 

13.0 

10  0 
io 

17.6 

13.2 

14.5 

07  K 
L'  kJ 

-.1 

.0 

21 

20.3 

175.9 

1 f 

X V 7 

3.7 

13.8 

.0 

4 £>0.0 

4275.4 

305.1 

19.3 

19.3 

12,9 

18.7 

16,9 

17.8 

1 li . / 

00  7 

Li 

-2.5 

.0 

nn 

Li, 

1 7 

Vk  w‘ 

195.6 

1 

*3 

-13.0 

-41.3 

.0 

4200,0 

4326,1 

392.8 

23.0 

19.9 

12.9 

00  0 
L-HL 

13.6 

20.4 

14,1 

31.9 

-5.3 

.0 

23 

33.5 

70  ,0 
.•  i » y 

15,7 

/ 4 0 

-20.0 

1,9 

4100,0 

4211.0 

361.3 

22,9 

20.0 

13.3 

23.5 

19.3 

21,3 

15,1 

30.9 

-5.S 

1.2 

24 

13.5 

39,4 

Q 

22.9 

32.5 

111.9 

.0 

241.0 

234.6 

17,0 

17.6 

13.2 

15.6 

15.8 

15.7 

13.7 

20.4 

-4.5 

43.9 

25 

C 0 

U Fi. 

22,5 

4,0 

9.1 

1',  r- 

J V . V 

145.7 

,0 

217.5 

218.9 

15,2 

16.3 

13.0 

14,9 

15.4 

15.1 

13.9 

17,0 

r 

1 J 

L\  7 
Ul  V J 

26 

33*j 

114.2 

-8,2 

-4,4 

25.0 

102,6 

,0 

267,3 

261,4 

16.3 

16.3 

12.7 

19.2 

16.3 

17.7 

13.8 

30,5 

-1.7 

40.9 

27 

37.3 

116.0 

,0 

.1 

30.0 

127.8 

.0 

311.6 

311.1 

16.6 

16.3 

12.5 

19.0 

16.2 

17,6 

13.2 

31.3 

-5.5 

47.0 

23 

34.6 

103.1 

-1.1 

-.3 

16.3 

123.6 

.0 

2,36.1 

291.5 

16.7 

16,3 

12.3 

13.9 

16.4 

17,6 

13.3 

31.0 

-5.9 

46.6 

00 

Li 

35.8 

114,7 

-10.6 

-6,3 

22.5 

100.5 

.0 

256.6 

317,8 

17.0 

16.4 

12.2 

OA  0 

16.7 

13.1 

13.5 

31,1 

-5,2 

37,6 

30 

201.1 

201,1 

-10.2 

-12,8 

65.8 

.0 

.0 

447.9 

460.9 

00  0 
i.1.  . 4. 

13.2 

1 n 0 

ii.  » L 

20.6 

13.3 

19.4 

11,8 

52,3 

-8,7 

.2 

31 

201 .? 

201.9 

-23.4 

-18.9 

-37,5 

,0 

.0 

324.0 

375.7 

00  7 

Li.  . / 

19.3 

11.4 

20.4 

13.3 

19.4 

11.7 

33.7 

-7,5 

,0 

i 
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TABLE  6 

DAILY  SUl^MARY  OP  PERTOW^ANCE  FOR  JANUARY 


DAILY  P£RFG-:.iANCE  SG^iARY  FG!?  THE  HUGHES  PRGItCT  1/  1 R-  530 


DA 

U.'^PER 

LOUER 

P.4S3 

PASS 

iOUSE 

HEAT 

STOVE 

S'J,44 

CALC 

PAS3 

PASS 

BACi; 

S'JN 

DCAn 

r\».n  1 

HOUSE 

Loy 

HIGH 

AHBT 

HEAT 

SGIAR 

SOLAR 

UALL 

SLAB 

H4SS 

FU4? 

INPUT 

INPUT 

LOSS 

UALL 

SLAB 

UALL  SPACE 

TEH'^ 

ten:'-- 

TEH-' 

TEH-' 

TEH" 

PU.1- 

(fij) 

(HI) 

(HJ) 

(H!) 

(HJ) 

(HJ) 

(HI) 

(NJ) 

(hJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(Hi) 

1 

nr- 1 Q 

i.  v'A  1 T 

201.7 

6,2 

-10.5 

-192,5 

» 'J 

,0 

0. 'v?  i'. 

1. J.'  ,v 

214.4 

29.0 

21.9 

13.1 

26.3 

00  7 
AC  y J 

24.5 

19.3 

35.3 

4,4 

.0 

i. 

.0 

.0 

7,0 

11.7 

-112.5 

,0 

4400,0 

4306.2 

337.4 

21.7 

19.9 

13.7 

00  / 

19,4 

21.0 

16.5 

26.8 

-3,3 

.0 

3 

13.9 

53.7 

2.3 

1,7 

\}X  k -J 

.0 

4230.0 

4310.6 

336.1 

22.5 

19.6 

14.5 

24,7 

00  0 
iW  . L 

22.4 

21,6 

29.7 

-1,7 

,0 

{ 

23.4 

201.9 

2.0 

-4.6 

1.3 

.0 

4200.0 

4423.9 

436.0 

22.4 

20.5 

14.6 

23.7 

19.2 

21.4 

13.7 

oq  0 

LV  y u 

-10.5 

.0 

5 

.0 

.0 

1.4 

9.4 

16.3 

,0 

412.3 

439.3 

414.9 

21,8 

19,6 

14.7 

01  A 

iT.  J 

19.1 

21.6 

20.2 

26.7 

-6,5 

,0 

6 

117.5 

117.5 

-11,6 

1.4 

27.5 

.0 

515.2 

767.6 

650.5 

23.1 

19.2 

14.3 

24.2 

17.8 

21.0 

19.1 

29,5 

-21.6 

7 

yu 

7 

00  ,4 

» T 

65,9 

13.0 

14,6 

50.0 

.0 

369,0 

537.9 

532.3 

21.3 

1 0 n 

i U 4 I. 

14.1 

00  7 

it  .0 

17.5 

19.9 

13.4 

26.7 

-23.6 

.0 

8 

93.2 

15.4 

17.7 

19.0 

76,3 

21.0 

414,4 

656.9 

652.7 

19.2 

16.7 

13.7 

0,0  0 
iV.i 

15.8 

13.0 

15.5 

22.B 

-26.7 

8.1 

9 

.0 

1,1 

-13.3 

-3.3 

-11.3 

53.3 

506.4 

532.9 

566.7 

13.9 

16.3 

13.4 

21.9 

16.5 

19.2 

2w  .2 

23.3 

-22.4 

71  7 
Li  kL 

iC 

.0 

.0 

2.7 

4.6 

ICO.O 

.0 

506.6 

613.7 

529.2 

19.4 

16.1 

13.3 

21,6 

16.3 

19.0 

17,5 

23.4 

-19.4 

.0 

11 

25.3 

241.0 

-17.8 

-27.8 

110.0 

13.3 

500.6 

n.fc; 

650.3 

L 

Li.  to 

13.0 

12.0 

24.5 

13.6 

21.5 

13.1 

33.1 

-21.1 

6,1 

12 

1.2 

19.4 

-5.1 

-3,4 

-202,5 

.0 

390.5 

200.0 

375.9 

Tl  Q 

13.5 

12.3 

24.4 

nr  0 

Lv  yx. 

00  7 
i.  C » J 

17,5 

23,0 

-3.9 

.0 

13 

166.2 

166.5 

« 7 
»/ 

-15.7 

-76,3 

.0 

niL  7 

i.  uOil 

476.9 

333.8 

■t  J . J 

20,3 

13.9 

ni  7 

21.3 

23.0 

18.3 

33.4 

7 r 

,0 

14 

102.7 

49.4 

15,9 

13.1 

r7  r 

Jt  fJ 

.0 

53.2 

296.8 

27B.5 

O.”-  T 

iV  .i 

19.0 

13.7 

10  L 
i / kO 

18.4 

19.0 

15.7 

or  7 
L'iSO 

7 
\ L 

r\ 

yv 

15 

212.6 

242.6 

-24.9 

-00  0 
4 ♦ L.‘ 

23.8 

,0 

51.3 

511.7 

434.7 

Ti  0 
/.u . t 

21.0 

13.3 

25.3 

21.4 

23.4 

10  q 

i'J.  0 

36,2 

-0  7 

L \ J 

,0 

16 

246.4 

Oii  / 

i.T  J 4n 

1,1 

-7  0 
/ Kw 

-135,0 

.0 

.0 

ici  7 

0 jj. »/ 

403.4 

27.0 

nn  7 

J 

13.9 

23.9 

21.0 

00  / 

/-  c e -r 

16.3 

56.7 

-i.4 

♦ 0 

17 

32.9 

vt  tO 

29.5 

29.0 

21.3 

.0 

6.6 

206.8 

275.3 

21.3 

20.2 

14.2 

19.3 

17.8 

13.3 

15.4 

23.5 

-3.2 

r 

IS 

.0 

rO 

-11.5 

4.5 

46.3 

,0 

347.2 

336.5 

364.3 

20.4 

18.9 

14.1 

70  Q 

18,8 

20.9 

20.4 

25.5 

-5,5 

,0 

19 

272.7 

07/  7 

L'  ^ yf 

-8,5 

-19,4 

-33.8 

.0 

229.7 

715.5 

604,7 

26.4 

21.0 

13.9 

24.6 

19.9 

00  0 
il.  C f C 

15.9 

35.1 

-15.4 

3,6 

20 

223.4 

251.3 

5.3 

.5 

-41.3 

4.7 

7.3 

456.3 

436.3 

24.4 

21,3 

14,2 

21.5 

18.8 

20.1 

12.2 

34.7 

-11.5 

2,4 

21 

5.7 

13.3 

9.1 

16.4 

5.0 

.0 

193.5 

243.1 

313.1 

21,1 

17,7 

14,4 

21.8 

18.4 

20.1 

17,2 

24.3 

-1.9 

,0 

2? 

178.8 

173.8 

-62,2 

_,7  T 
T » 

lot. 3 

,0 

142.2 

??j,8 

291.3 

23.1 

20.3 

14,4 

23.7 

19.3 

21,5 

16.3 

33,5 

-7.8 

.0 

27 

186.2 

192.4 

-16.4  , 

-16,3 

-10.0 

.0 

344,6 

630.3 

492.7 

24,2 

13.9 

13.8 

23.1 

17,8 

0 .7  r 
i-  ii  y J 

20.4 

26.7 

-21.3 

.0 

00 

Oi7  A 
i'j;  »v 

103.5 

7 f 

4.1 

-12.5 

9.3 

270.3 

653.8 

l.  ‘ T 

23.  u 

17,9 

13.7 

23.5 

17.9 

nr  7 

i-'-j  y f 

13.0 

71  7 

0 1 1 v 

-•*^7  7 

i.w*  ♦ *. 

7 C 
u‘  y c 

2? 

238.4 

83.2 

4,3 

-.3 

-7.5 

40.2 

204,0 

566.8 

603.3 

24.8 

17.7 

13.7 

07  7 
d.L  W 

17.9 

20,3 

17.5 

70  0 , 

-20.8 

17,1 

30 

269, 9 

105.8 

-9.2 

-10.6 

-45.0 

105.2 

122.9 

539.0 

533.1 

26.3 

13.5 

14.0 

24.1 

19.5 

21.8 

15.9 

34.6 

-13.5 

33.7 

31 

241.4 

241.4 

-3.9 

-OO  i 

-50.0 

.1 

229.2 

635.9 

559.9 

26.8 

20.6 

14.4 

25,1 

20.0 

07  c; 
I.L  yJ 

18.2 

34.7 

-12.2 

.3 

14 


TABLE  7 

DAILY  SMARY  OP  PERFORMANCE  FOR  FEBRUARY 


DAILY  PERrOr-^.iVICE  S'J.ilARY  FOR  TH:  HJCHES  PROJECT  2/  1 R--  1202 


DA 

ur^'cR 

LOVER 

PASS 

PASS 

HOMSE 

HEAT 

Sieve 

S'J,!'! 

CALC 

PASS 

PASS 

BACK 

S'JJ 

REAR  HO'JSE 

LOV 

HIGH 

AHBT 

HEAT 

SQIAR 

SOLAR 

UALL 

SLAB 

HASS 

PLljr-- 

IHpyT 

IflPLlT 

Less 

WALL 

SLAB 

WALL 

SI^'ACE 

TEH’ 

TEH’ 

TEH’ 

TEH’ 

TEH’ 

Plli’ 

(HJ) 

(hJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(HJ) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HJ) 

1 

.0 

i,  » V 

18,0 

0,0  7 
LV  ¥ 3 

6,3 

,0 

112,0 

153,5 

354,6 

20,7 

19,2 

14.3 

20,2 

18,1 

19,2 

13,4 

26,1 

-5,0 

,0 

n 

L 

251,4 

253.9 

-07  0 

i. 

-V- 

-72,5 

.0 

81,5 

460,9 

359,4 

27,1 

21,6 

14,3 

25.7 

21,6 

23.7 

18,0 

36,7 

1,5 

,0 

3 

3,4 

10,2 

33,0 

53,8 

,0 

,0 

135,6 

235.0 

20,6 

20,0 

14,3 

18.0 

13.0 

18.0 

16.0 

21,8 

1,5 

,0 

4 

07  1 
yji  tL 

-7.1 

1,1 

11,3 

,0 

.0 

117,6 

241,9 

21.1 

19.2 

14,7 

23.5 

19,4 

21,4 

16.7 

30,8 

3.1 

,0 

5 

213,7 

213.7 

-14,7 

-15,6 

,0 

.0 

.0 

397,1 

375,5 

23.1 

20,3 

14,5 

20,7 

13,7 

19,7 

13,6 

33,7 

-2,5 

,0 

6 

154,5 

154,5 

10,0 

6.3 

23,8 

.0 

.0 

354,1 

363,0 

22,4 

20,7 

14,4 

19.4 

18,0 

13,7 

13,3 

00  0 
l7  tL 

-2.7 

,0 

7 

,0 

.0 

-9.3 

10,6 

7,5 

.0 

231.3 

01.0  0 

424,3 

21.7 

19,2 

14,1 

24,5 

19.2 

21,3 

22,1 

26,3 

-6,7 

.0 

8 

149,9 

240,5 

-5,2 

-27.1 

-41,0 

.0 

75,0 

391.9 

450,1 

26,0 

21,2 

14,5 

23.6 

20,3 

21,9 

15,6 

33.7 

-5.9 

.0 

9 

4,7 

33,6 

24,3 

22,1 

52,5 

,0 

10.4 

152,6 

296,7 

20,2 

19,9 

14,3 

17.9 

17.3 

17.6 

13,9 

23.0 

”0,5 

,0 

10 

.9 

146,5 

-10,8 

-7,2 

1.3 

.0 

82.2 

212,9 

253,1 

24.9 

21,2 

14.5 

n't  r 

Li.  » J 

19.4 

21,0 

15.4 

29,2 

-7.6 

,0 

11 

8,4 

232.5 

-9,4 

-20,3 

-25,0 

,0 

59.3 

2?5v5 

545.7 

25,1 

22,7 

14,3 

23,2 

19,1 

21,2 

13,3 

35,4 

-12.2 

,0 

12 

,0 

,3 

9,6 

23,1 

-5,0 

,0 

270,5 

293,5 

414,4 

21.8 

20,5 

14,5 

23,0 

19.0 

21,0 

21.1 

24,9 

-7.5 

,0 

13 

,0 

,0 

7.5 

15,5 

40,0 

,0 

330,7 

393,6 

434,7 

20,4 

19,0 

14,3 

21.9 

18,2 

20,0 

19,8 

23.6 

-10.1 

.0 

14 

.1 

8,5 

,7 

9,5 

41.3 

.0 

372,7 

432,7 

490,7 

18,7 

17,5 

13.9 

20,7 

16,7 

13,7 

16.7 

23,3 

-16.1 

,0 

15 

32,6 

96,7 

23,0 

16.7 

102,5 

11.3 

162,5 

445,3 

476.2 

18,1 

16,3 

13,5 

13,6 

15.6 

17,1 

10,9 

/.j.i 

-16.6 

5,3 

16 

43,7 

141,5 

6.5 

13.0 

83,3 

118,0 

,0 

416.4 

462,5 

14,0 

14,9 

12.6 

15.4 

13,1 

14.3 

9,0 

no  7 
j.o*i 

-18,9 

42,0 

17 

45,2 

123.2 

-9,2 

-3,3 

16.3 

110,4 

1C, 7 

293,2 

370,9 

13,5 

14,2 

12,1 

16,6 

12,9 

14.3 

9.2 

23.4 

-11,4 

39.1 

13 

14.7 

123,0 

-31,5 

-33,8 

-136,3 

.0 

214,6 

155,8 

360,2 

19,7 

17.1 

12,7 

24,1 

18.2 

21.2 

19.1 

31,5 

-1,1 

.0 
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TABLE  8 

OimALlj  PERPORI^AITCE  Sim\RY 

12/7/79  to  2/18/80 


Enerpy  Inputs 

Me^a  Joules 

kBtu 

Solar 

12,876 

12,204 

49.7 

V/ood  Stove 

9,512 

9,016 

36.7 

Heat  Purnp 

1,128 

1,069 

4.4 

Electrical 

2,376 

2,252 

9.2 

TOTAL 

25,892 

24,542 

100.0 

Avera/^je  Temperatures 

Ambient  Air 

-7.3 

18.9 

House  Air 

20.0 

68 

Temperature  Swin;?:  Front 

Rear  ^ ^ 

5.9 

24.0 

10.6 

, Clear  Day 

Rear  ’ ^ 

19.0 

11.5 

34.0 

20.7 

Rear 


PERFORl'IANCE  PREDICTED  BY  F-CHART 
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Figure  1: 

Photographs  of  the  Outside  of  the  Hughes  Passive  Solar  House 
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Figure  2;  CroBs-sectional  View  aJid  South  Elevation 
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Figure  3;  Solar  aperture  and  passive 
Bolax  wall  and  s\m-space 


20 


f 


Figure  4:  Plan  View  of  Hughes  Passive  Solar  House 
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Figure  6:  Velocity  Distributions  in  Inlet  and  Outlet  Ducts 

of  Beat  Pump 


Figure  7.  Photographs  of  Movable  Insulation  System 
or  the  Lower  Part  of  the  Solar  Aperture 
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sealing 
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t=  ambient  temperature 

= room  temperature 

B temperature  of  space 
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movable  insulation 


U * (T  - T ) » U.  * (T^  - T ) 
g ' B cJ  1 ' r e' 

U (T  - T ) 
(effective)  = T)"” 


Pi  gyre  8: 

laticc  and  Pou-.tionr  Dncci,  to  Calc’.i?.ate  the  PITective 
Heat  Loss  Coefficient  for  the  Movable  Insulation 
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Figure  9s 

Cross-Sectional  Schematic  Shov/ing  Locations  of  Transducers 
and  Three  Heat  Storage  Elements 
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Figure  10;  Graphs  of  Temperature  History  and  Energy  Inputs  for  a Five-Day  Period 
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igure  11:  Graphs  of  Tempera1;ure  History  and  Energy  Inputs  for  a Five-Day  Period 
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Figure  12:  Graph  of  Temperature  History  of  the  Underground  Concrete  V’all  Shovm  on  an  Expanded  Scale 
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c 13:  i;<Axly  Avc '.;c  Tor.iperatures:  and  j:.ner^  Inputa  for  December 


mERGY  INPUT,  MJ 
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Figure  14:  Daily  Average  Temperatures  and  Energy  Inputs  for  January 


ENERGY  HTPUT,  MJ 
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figure  15:  Daily  Average  Temperaturen  ajad  Lnergy  Inp;its  for  I'cLiviaiv/ 


energy  input,  MJ 
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AFPMDIX  I 


TABLES  OP  HOUI?LY  PERFORIWCE  DATA  FOR  HUGHES  HOUSE 


1-1 


500 
505. 
510 
51  2 

513 

514 


RIK 

IF  1 ) 
IF  0(1) 
IF  K4=0 
IF  K4:-0 
IF  K4=0 


CALCULATE  HOURLY  DATA 


<=,01  THF.N  V(1)=0\IF  0(17  »100 
>,05  THEN  G03UD  2000  ELSE  GGSUD 
THEN  D=V( 14  ) 

THEN  P=0(?) 

THEN  S=0(13) 


THEN  0(17)=0\RE:N  ZERO  SOLAR  AND  STOOE 
2100\REN  DAY  AND  NIGHT  ROUTINES 


51  5 S(  3 P-0(  9 ) XREN  PASSIOE  GALL 

520  5(  4 )=.10.751(S--0(  10  ))\REN  PASSIOE.  SLAB 
526  GOoUD  .5000 

530  S(6)=1,B3:4  0(  10)\REN  HEAT  PUMP 

535  IF  0(  17  )-0(  13  )>5  THEN  S(  7 )=1 ,25^(  0(  17  )-0(  13  ) )ELSE  S(  7 )=0\F:EN  STOOE  OUT 


IF  0(  17  )-0(  13  )<3  !HEN  S(  7 )=0 


540 

550 

555 

560 

565 


5(S)=3(  1 )f3(  2)13(3  )TS(  4)15(5)13(6  )+5(  7 )\REh  SIJHM  INPUT 
5(  i0)=0(9  )\REH  PA33I0E  PALL  TEMP 
S(  11  )=0(13)\REN  PASSIOE  SLAB  TEMP 


S(12)=0(14)\REM  BACK  HALL  TEMP 
S(  13)=0(13)\REM  SUN  SPACE 
S(  14)=0(  15)\REM  REAR  HOUSE 


570  S(  15  )=(0(  13)10(15  ))/2\REM  AOE  HOUSE  TEMP 
575  5(  i6)=0(  19)\REn  UPPER  CURTAIN  TEMP 
500  S(  17)=0(  16)\REM  LOUER  CURTAIN  TEMP 


591 


2000 

2010 

2020 

2040 

2050 

2060 

2090 

2100 

2120 

2170 
^ 1 

/ \J 

3000 

3010 

3020 


S(  1 7 )=v(  20  )\F^EM  AMBT  TEMP 

P=0(  9 )\B=U(  14  ) 1 . Ol!l(  U(  15  )-U(  14  ) )\5=V(  18  )\PEM  PREVIOUS  HOUR  VALUES 
IF  V(2)<,025  THEN  V(  2 )=0 
S(  19  )=3 ,6rV(  2 ):vr2\REM  HEAT  PUMP 
K4  = l 

REM  SUBROUHNE  TO  FIND  SOLAR  INPUT  AND 

REM  HEAT  LOSS  FOR  HOURS  CHEN  THE  SUN  IS  UP 

S(  9 )=(  . 3- , 24(  1 -V(  7 ) )- , 21^(  1 -V(  A ) ) ):fr(  ( V(  13  )IV(  15  ) )/2-V(  20  ) )\REM  DAY  LOAD 

IF  V(7)>.5  THEN  S(  1 )=v'(  1 )t41 ,98  ELSE  S(  1 )=..0124(  V(  19  )-V(  13  ) ):n6,66 

IF  V(6)>,5  THEN  S(  2 )=V(  DiHl  ,98  ELSE  S(  2 )=,022:1(  V(  16  )-V(  13  ) ):?  16,66 

IE  SdXO  THEN  S(l)=0\ir  S(2)<0  THEN  S(  2 )=0 

RETURN 

REM  SUBROUTINE  TO  FIND  HEAT  LOSS  AND  FOR  NIGHT  HOURS 

S(  9 )=(  ,S-,07:5^(  i-y(  7 ) )-,ui  i-v(  ^ ) ) );!r(  ( U(  13  )iV(  15  ) )/2-V(  20  ) )\REIi  NIGHT  LOAD 

S(  1 )=0\S(  2 )=0\REM  ZERO  SOLAR 

RETURN 

REM  n'ffm  SUBROUTINE  TO  LOOK  AHEAD  FOR  STORAGE  MASS  TEMP  mUt 
READfO  Al28?fR-173fX2 


3010  S(  5)=(  U(  14  )-X?)*125 
3035  !\!  X2 
3040  RETURN 


Equations  Used  to  Calculate  Hourly  Data 


1-2 


TABLE  1 


DAILY  PEPrO’iHA'CL  S'JiiAlY  FO?  THE  H'J'IHFS  PROJECT  12/  8 R--  7 


HT 

U-?rR 

LCVLR 

PAS'- 

PASS 

HO'JSE 

HEAT 

STOVE 

S3, 14 

CALC  PASS  PASS  BACK 

S'J:I 

REAR 

HO’JSE 

L1"PER  LOVER 

AiBT 

HEAT 

SOLAR 

SOLAR 

UALL 

SLA8 

JJASS 

FLI,i? 

ifPii; 

IHRJT 

LOSS  UALL  SLAB  UALL  S^'ACE 

TEH-' 

TEH" 

C'JRT 

C'JRT 

TEH" 

PCI" 

(hJ) 

(L,j) 

(JiJ) 

(hJ) 

(HJ) 

(HJ) 

(hi) 

(hJ) 

(HJ)  (C)  (C)  (C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(hJ) 

1 

.0 

.0 

3.2 

2.5 

1.3 

.0 

.0 

6.9 

17.9  17.65  17.10  13.74 

13.8 

15.3 

14,5 

12.7 

5.7 

-11. 1 

.0 

LI 

2 

.0 

.0 

7 C 

X.  *7 

^ ■? 

1.3 

,C 

.0 

6.4 

17.9  17,08  16.'3?  13,73 

13,3 

14.9 

14.1 

10  n 

ixf  X. 

5.5 

-11.5 

.0 

U 

3 

.0 

.0 

/. 

0 0 

X.  » X. 

3.8 

.6 

.0 

8,3 

17,4  16.62  16.69  13.72 

13,1 

14,7 

13.9 

12.1 

5.0 

-10.9 

,9 

L! 

4 

,0 

,0 

0 0 

X. 

1,8 

3.8 

.9 

,0 

8.7 

17,6  16,19  16.52  15.6? 

12,8 

14.5 

13.7 

11.8 

4.7 

-11.5 

1.4 

LI 

5 

.0 

.0 

2,1 

1.8 

2,5 

1.2 

.0 

7.5 

17.6  15.78  16.35  13.66 

12,5 

14.4 

13.4 

11.6 

4,4 

-11.7 

1.7 

8 

6 

,0 

.0 

1.9 

1.7 

3.8 

1.2 

.0 

8.5 

17.2  15.41  16.19  13.64 

12,4 

14.3 

13.3 

11.6 

4.2 

-11.2 

1.7 

Ll 

7 

/ 

.0 

.0 

1.7 

1.5 

1.3 

1.4 

,0 

5.8 

16.6  15.08  16.05  15.61 

12,3 

14.2 

13.2 

11.5 

4.3 

-10.6 

2.0 

U 

8 

.0 

.0 

1.6 

1.5 

L 

1.4 

.0 

7.0 

16.5  14.76  15.91  13.60 

12,5 

14.2 

13.3 

11.6 

5.5 

-10.2 

2.0 

U 

? 

2i,3 

.4 

-1.0 

-.3 

-2.5 

.0 

.0 

20.9 

14.0  14.95  15.94  13.53 

17.2 

14.7 

15.9 

1/ ./ 

13.1 

-7.4 

.0 

U 

10 

3Cu2 

.5 

0 

V'4i. 

-8.3 

-1,3 

3.2 

.0 

18.2 

13.1  16.1?  16,71  13.60 

20.4 

16.5 

13.5 

21.1 

21.7 

-3.2 

4,7 

y 

11 

3?.  5 

3?, 5 

-07  0 

L!  » / 

-40.4 

-5,0 

.0 

.0 

5.7 

14.1  21.76  20,47  13.61 

26.0 

19.8 

nn  0 

X.X.  ♦ 

27.7 

27,7 

5,3 

.0 

B 

12 

41.1 

41,1 

-16.3 

,4 

-12.5 

.0 

.0 

53.9 

12.6  25,02  20.43  13.65 

/ 

x.u»-r 

21.3 

x.-» » 7 

30,2 

27.7 

9,1 

,0 

B 

13 

41,1 

41,1 

-OA  7 
i.v»-  3 

-If  0 

J.  V >•  .* 

-8.3 

,C 

.0 

42.5 

11.6  2?. 07  21.43  13,75 

31.4 

23.5 

27,5 

33.2 

31.8 

13.0 

.0 

B 

14 

77  0 

37.8 

-14,3 

-22,5 

-11.3 

.0 

,0 

27.5 

12,8  lisn  23,52  13,82 

33.9 

26.0 

2?.? 

35.4 

33.3 

13.9 

.0 

B 

15 

OO  0 

oo  c 

L!  kj 

-9.3 

5.3 

-8.8 

.0 

.0 

46.4 

13.3  33.S3  23.03  13.91 

35.2 

26.6 

30,9 

36.2 

33.5 

14.2 

.0 

B 

16 

14.7 

14.7 

-1.4 

12.6 

-8.8 

,0 

.0 

31.9 

13.6  34.15  21.86  13,93 

34,0 

ni 

X.u  frX. 

30.1 

34.2 

31,5 

13.0 

.0 

B 

17 

.0 

.0 

5.9 

4.0 

-11.3 

.0 

,0 

-1.4 

14,3  32,93  21,4?  14,05 

30.2 

24.4 

27,3 

2?. 2 

27.7 

8.3 

.0 

B 

13 

.0 

.0 

11.3 

3.3 

-■%  /' 

J » i/ 

.0 

.0 

10.1 

13.8  30,72  21.14  14.14 

26.3 

22,9 

24.6 

25.3 

nn  0 

X.L  f U 

5.6 

,0 

U 

1? 

,0 

.0 

9.4 

3.1 

-3.8 

.0 

.0 

8.7 

12,6  23,85  20.85  14.13 

23.8 

21.8 

on  q 
x.«.»0 

*10  0 

X.L  %U 

18,8 

4,7 

.0 

U 

2-3 

,0 

.0 

7.5 

3,0 

X.  ♦ J 

.0 

.0 

13.0 

12.1  27,35  20,57  14,21 

21.^ 

20.8 

m 1 

X.  i » 

nr.  0 

i.\j » J 

16,6 

4.1 

.0 

u 

21 

,0 

,0 

6.2 

2.4 

-0  r 

X.  ♦ J 

.0 

.0 

6.1 

11,9  26.11  20,35  14.1? 

20.6 

20.0 

20.3 

19,7 

15,1 

5.2 

.0 

u 

00 

.0 

,0 

5.7 

0 0 

X.  f X. 

2.5 

.0 

.0 

10.4 

11.4  24.97  20,15  14,21 

19.7 

19.3 

19.5 

13.8 

14,0 

3.2 

,0 

u 

23 

.0 

.0 

5.0 

2,0 

-3.8 

.0 

.0 

3.2 

10,2  23.93  19.96  14.19 

18.9 

18.3 

13.9 

18.2 

13,4 

4.4 

.0 

!J 

0 

.0 

.0 

4.3 

1.8 

5.0 

.0 

.0 

11.1 

10,0  23,13  19.79  14,22 

18.5 

13,7 

18.6 

17,7 

12,7 

4.2 

.0 

U 

253.6 

234.3 

-24,3 

-26.4 

-55. C 

IC.O 

.0 

j/ 

340,6  23,1  19,1  13,9 

21.2 

19.1 

20,1 

2i  .y 

17.0 

.3 

14.4 

APPl.NIJIX  II 


DATA  ACOUISTTTON  SYSTII! 
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A lov;  cost  data  acqxiioition  system  v/as  developed  for  solar  performance 
monitoring  and  is  pictured  in  Figure  1 on  the  following  page.  The 
heart  of  the  system  is  a Radio  Gliack  TRS-80  computer  having  a 4K  memory. 
This  system  has  the  capability  of  40  input  channels  and  is  controlled  by 
a Level  II  BASIC  program  which  allows  the  user  to  structure  data  sampling 
and  processing  procedures.  Calibration  constants,  error  checks,  scan  rate, 
data  averaging,  printing,  etc,,  can  be  manipulated  using  this  program 
capability.  A real  time  clock  v/ithin  the  a/D  converter  chassis  is  used 
to  time  the  data  output  on  the  cassette.  Scanning  at  an  average  rate  of 
40  channels  per  five  seconds,  the  data  is  averaged  at  the  end  of  each 
hour.  This  da.ta  is  then  v;ritten  onto  the  cassette  recorder  for  processing 
at  a later  time. 

Temperatures  were'  measured  using  AD-590  transducers  made  by  Analog 
Devices,  A BASIC  computer  program  was  used  v;ith  the  data  acquisition 
system  to  calibrate  the  probes  against  a precision  thermometer.  The 
absolute  accuracy  of  the  temperatures  measured  is  better  than  0.5°C  ( l^F) , 
while  the  accuracy  of  small  temperature  differences  is  0.1°C  (0.18^F). 

Total  solar  radiation  on  the  collector  surface  was  measured  using  a 
silicon  cell  pyranometer.  The  device  v;as  manufactured  by  the  contractor 
and  is  mounted  in  the  plane  of  the  solar  collector.  The  device  has  been 
referenced  to  NOAA  Standards  v;ith  an  estimated  overall  accuracy  of  5^* 

Electric  power  is  measured  using  clamp-on  ammeters  calibrated  on-site 
against  the  utility  ki/h  meter.  The  status  of  motors,  dampers,  curtains 
and  fans  is  determined  using  appropriate  relays,  microswitches  or  mercury 
nv;itches. 

Flow  in  liquid  systems  is  measured  using  Herscy  MVR-30  turbine  meters 
which  have  been  interfaced  to  the  DAS.  Flow  in  air  systems  is  mapped  using 
a hot-^vire  anemometer  for  a one-time  measurement  to  characterize  the  flow. 
Status  switches  and  softv/are  combine  the  one-time  measurements  to  calculate 
appropriate  heat  flov;  quantities. 
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Video  displa^y  of 
current  data  scan: 

40  channels,  time,  date 


Keyboard  for 

controlling  system 

(l)  Cassette  for  storing 
data  and  programs 


40  channels  analog 
input,  a/d  conversion 
(12  bit),  real  time 
clock 


— Power  supply  for 
computer  and  a/D 
interface 


12V  battery:  powers 
system  up  to  5 hours 
in  the  event  of  a 
power  shortage 


Figure  1:  Computer-Based  Data  Acquisition  System 
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NOTICE 

This  report  v/as  prepared  as  an  acooimt  of  viork  sponsored  Ly  the  Energy 
Division  of  the  Montana  Department  of  Natural  Resources  and  Conservation 
through  the  Alternative  Renewable  Energy  Sources  Progr^mi.  Neither  the  Sta,te 
of  Montana,  nor  the  Department,  nor  any  of  their  employees,  nor  any  of  their 
contractors,  subcontractors,  or  their  e:rip]oyeca,  make  any  vja.rranty,  er~ 
presset  or  cr  a.::.:’ ■r.cs  rny  liability  or  r esnoasibiiily  ior 

tha  accurrryj  ,■’■1  o’:cr\' <'r  r:" '■.uno'  '’  of  any  1 nu;i;;.r.tion,  ;.'-yara‘..a-' ; uro- 
duci  or  process  disclosed,  or  represents  that  its  use  would  not  infringe 
priva.tely -owned  rights. 


NOTE  ON  UNITS 


The  test  results  in  this  report  are  given  in  metric  or  SI  units. 

This  convention  corresponds  to  current  professional  practice  and  is 
in  accord  with  the  recommendations  of  the  International  Solar  Ener^^ 
Society  and  most  technical  joui'nals. 

Most  readers  are  familiar  with  the  Celsius  or  Centigrade  temperature 
scale  (*^C)  and  v;ith  power  measured  in  kilowatts  (kU).  The  metric  unit 
of  energy  is  the  Joule  (j).  Most  energy  quantities  in  this  report  are 
expressed  in  mega.joules  (flJ)  which  is  10  joules  or  a million  .joules 

(1,000  BTU  = 1 kP;TU  - 1.05  MJ).  Since  one  MJ  is  abo\it  one  thousand 
BTU’s,  a furnace  v;ith  a rating  of  100  thousand  BTU/hour  would  he  rated 
at  about  100  Hj/hour.  This  approximate  conversion  vjill  be  useful  to  the 
reader  accustomed  to  thinking  in  thousands  of  BTU. 

Other  abbreviations  included  in  this  report  are;  1 = liters, 

2 

m = meters,  m = square  meters  and  kWh  = kilovjatt  hours. 


ABST]^/\CT 


This  residence  in  ov.'ncd  by  Orville  Oien  aiid  is  located  about  seven 
miles  west  of  Conrad,  Montana.  The  house  was  retrofit  vdth  8.2  m (89  ft') 
of  liquid  solar  collectors  mounted  on  tlie  roof  which  utilise  adjustable 
reflectors.  Heat  is  stored  in  v;ater  tanks  located  in  the  basement  and 
havin^q  a total  volume  of  64IO  1 ( I7OO  qal) . Heat  is  transmitted  from  the 
storage  to  the  living  space  by  natural  conduction  and  convection. 

Auxiliary  heat  is  provided  by  a forced  air  furnace  burning  fuel  oil. 

This  system  v;as  monitored  during  March,  April  and  May  of  I98O.  During 
the  monitoring  period  the  solar  collectors  provided  2'yl,  of  the  heat 
requirements  of  the  house.  The  average  da,ily  collector  efficiency  during 
the  entire  monitoring  period  v;as  41^»  The  thermal  ‘pcrformatice  of  these 
home-built  collectors  was  cornpai'able  to  the  performance  of  commei-cial 
collectors  of  similar  design.  The  adjustable  reflectors  v;ere  not 
operating  during  the  monitoring  period,  v;hich  reduced  the  amount  of  heat 
produced  by  the  solar  collectors. 


SQTalH  COLLMCTQid 

Type:  Active  liquid 

Manufacturer:  Home-made 
Aperture  Area:  8.2 
Tilt;  750 
Azimuth;  0^ 

Glazing:  Double  glazed;  glass 
Absorber;  Tube-in-platc  Roll-Bond 
by  01  in  Brans 

Fluid:  90/50  ethylene  glycol/v/ater 

Thermal  Capacity:  0.0034  iUl""^ 

Flow  Rc'ite:  I5.8  1 min""^ 

STORAGB  SYSTiiM 


AUXIblARY  IHIAT 

Type;  Forced  Air 
Fuel:  Oil 

Capacity;  120  MJhr“^  (estimated) 
BUILDTlvT, 

Type;  ’.'ood  frame,  single  story  v;ith 
basement 

Floor  Area;  I48.4  m- 

C-alc.  Loss  Factor;  0.81  MJhr"*^ 

Measured  Loss  Factor;  0.6  MJhr"' 


Material;  Mater 
Volume:  6.4I  rn^ 

Thermal  Mass:  26.6  MJ— ®C"‘"' 
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1.0  IIITi:0I)UCTI0M 

The  Oien  I'errLdc'nce  ic  located  about  cevon  milec  wer.t  of  Conrad,  Montana. 
The  solar  system  was  designed  and  built  by  Orville  and  David  Oien  and 
consists  of  active  liquid  collectors  incorporating  adjustable  reflectors. 

2 . 0 Dr.scraPTioN  of  tut'^  housh 

Photographs  of  the  exterior  of  the  Oien  house  are  shovm  in  Figure  1. 

The  solar  collectors  arc  tilted  a,t  approximately  75°  and  face  due  south. 

The  aluiTiinum  panels  belov;  the  solar  collectors  are  adjustable  and  they  are 
intended  to  reflect  colour  radiation  onto  the  collector  panels.  Above  the 
collectors  is  an  overhrmg  v;hose  lower  surface  is  also  reflective.  The 
photo  in  Figure  2 shows  a close-up  of  the  solar  collectors.  There  is  no 
significant  shading  of  the  collectors  due  to  trees  or  buildings. 

Figure  3 show's  a floor  plan  of  the  house  and  Figure  A shoX'JS  a schematic 
cross-section  of  the  house,  v/hich  includes  the  solar  system.  The  location 
of  monitoring  instrumentation  is  also  shovm  in  Figure  A* 

The  calculated  heat  load  of  the  Oien  house  is  shown  in  Table  1.  The 
original  or  old  house  consisted  of  a single  stor^g  frame  dvrelling  built  over 
a basement.  A family  room  and  entry  v;as  added  to  the  house  at  a later 
date  (see  Figure  3)*  Tlic  old  and  ncv.'  portions  of  the  house  are  listed 
separately  in  the  hea,t  load  calculations  in  Table  1.  The  insulation  of  the 
older  part  of  the  house  has  been  upi'jraded,  bringing  the  ceiling  to  R41» 

The  concrete  walls  of  the  basement  have  been  insulated  with  tv/o  inches 
of  foam  placed  on  the  outside  of  the  wall  and  extending  beneath  the  ground. 
The  overall  calculated  heat  loss  coefficient  for  the  house  is  0.8l  MJhr 
or  429  BTUhr”^  °F’"^  * 


3.0  TRAFSDUCLl?  ARRldlGTin-lIT 

A schematic  of  the  tremsducor  arrongement  is  shovm  in  Figure  4 and  a 
transducer  log  is  reproduced  in  Figure  5*  Solar  radiation  v;as  mea.sured  in 
two  places.  One  transducer  v;as  mounted  in  the  plane  of  the  collector  and 
atta.ched  to  the  surface  of  t}ie  collector.  This  transducer  ic  exposed  to  the 
same  radiation  as  the  collector  surface,  including  reflected  radiation  and 
shading  el'fects.  A second  solar  radiation  transducer  was  located  outside 
of  the  }iood  ii.ed  u;:.rr',l  lei  i.o  liw;  rF-r;''  of  the  cw' J..!  eclcj  e.  ■''hese  two  r'e.- ''urr-. 
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allow  an  evaluation  of  the  ef rcctivcnc3b  of  the  concentrating  reflectorc. 

The  fluid  in  the  collector  loop  is  a ctliylene  glycol/water 

mixture,  A flow  meter  wac  inotalled  in  the  collector  line,  Figure  2,  and 
a Gtatus  relay  v/ac  connected  to  the  collector  pump,  Figure  A*  The  average 
flov;  rate  in  the  collector  loop  was  I5.8  1 min  , v;hich  ic  more  than 
ample  for  the  collector  area. 

The  collector  fluid  circulated  through  heat  exchangers  located  in  12 
heat  storage  tanks  filled  v;ith  v%'ater.  Temperature  prohes  on  the  inlet 
and  outlet  pipes  of  the  collector  allov/ed  the  data  accruisition  system  to 
calculate  collector  heat  output  any  time  the  circulation  pump  v;as  on, 

Tv;elve  temperature  prohes  were  taped  against  the  outside  surfaces  of  the  12 
heat  storage  tanks,  using  silicone  heat  transfer  paste  and  an  insulating 
pad.  The  domestic  hot  v;ater  preheat  tank  v/as  instrumented  with  one  surface 
temperature  probe  taped  to  the  tank  and  insulated.  The  inlet  aaid  outlet 
temperatures  of  this  tank  were  also  monitored. 

The  air  flow  in  the  auxiliary  furnace  v/as  mapped  vjith  a hot  wire 
anemometer.  The  velocity  of  the  air  a,t  several  stations  on  the  cross- 
section  of  the  duct  is  shovm  in  Figure  6,  The  inlet  and  outlet  temperatures 
of  the  auxiliary  furnace  were  each  monitored  v;ith  a rake  of  three  probes 
v/hich  averaged  the  air  temperature  at  the  cross-section,  A status  relay 
was  connected  to  the  fan  motor  of  the  auxiliary  furnace.  These  measurements 
allov^ed  the  data  acquisition  system  to  compute  the  heat  output  of  the  furnace 
during  any  five-second  interval  v;hen  the  fan  v;as  on. 

The  air  temperature  inside  tlie  house  V7a,s  measured  at  tv7o  locations. 

One  probe  v;as  located  in  the  living  room  in  the  old  house  and  another  probe 
in  the  family  room.  The  ambient  air  temperature  wa,s  meas^ired  with  a probe 
located  in  a shaded  area,  on  the  north  side  of  the  house. 

The  data  acquisition  system  is  described  in  Appendix  II. 


4.0  DATA  AI-IALYSIS  MD  RIISULTS 

The  accuracy  of  the  data  v;as  assessed  by  performing  a heat  balance 
on  the  hourly  data,  the  daily  data  and  the  monthly  data.  The  basic  heat 
balance  equation  is  shov/n  belov;; 

Input  heat  - Stored  heat  = Output  heat 
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The  inputs  consisted  of  solar  heat  delivered  by  the  collectors, 
auxiliary  heat  delivered  by  the  furnace  and  electric  heat  dissipated  by 
li/^hts  and  appliances.  The  heat  output  depends  upon  a heat  loss  factor 
multiplied  by  the  r.casurcd  temperature  difference  between  the  house  and  the 
outside  ambient  air.  All  the  teimis  in  the  heat  balance  equation  v/ere 
measured  on-line  as  true  hourly  a,verages  with  the  exception  of  the  electrical 
dissipation,  which  was  an  hourly  average  based  upon  readings  of  the  power 
meter. 


4*  1 Hourly  Data 

Table  2 sliovrs  ari  example  of  hourly  data  for  a 24~hour  period  beginning 
at  midnight.  (The  hourly  data  for  the  entire  monitoring  period  is  shov;n 
in  Appendix  I.)  The  first  tv;o  columns  shovj  the  total  solavT  radiation 
striking  the  collector ‘array  and  the  resulting  heat  output  of  the  collectors. 
The  last  four  columns  of  the  table  shov;  the  average  collector  inlet  and 
outlet  temperatures,  the  status  of  the  circulating  pump  and  the  calculated 
collector  efficiency. 

Note  tliat  the  collector  efficiency  increases  during  this  day,  reaching 
a maximum  at  15:00  hours  or  at  3:00  p.rn.  This  trend  is  due  to  the  ambient 
temperatures,  \rhich  are  higher  in  the  afternoon,  and  due  to  heat  stored 
in  the  collector  assembly.  At  3:00  p.m.. , t'ne  solar  radiation  is  decreasing 
and  the  collectors  are  delivering  some  heait  that  v;as  stored  during  the 
previous  hour. 

Note  in  Table  2 that  the  solar  radiation  v;as  nearly  constant  from 
12:00  imtil  2:00  p.rn.  During  this  time,  the  collector  efficiency  vra.s  also 
const cUit  at  about  6l/j.  Several  test  periods  v/ere  selected  v;hen  the  solar 
radiation  vras  constant  and  these  values  vrere  used  to  construct  collector 
efficiency  curves.  A col.lector  erficicncy  cu:ve  for  the  Oien  collector 
arrey  is  chov.71  in  I'igur-e  7*  ihe  reference  line  in  this  ligairc  sliov.s  the 
expected  efficiency  of  a mrnufc.cturcd  collector  of  this  design.  It  con 
be  seen  that  the  experimental  points  follov:  the  expected  trend,  but  are  about 
lO^j  belo’.r  the  reference  curve. 

Looking  again  at  Table  2,  t’lo  third  colur.in  shoves  the  hourly  .averag-o 
heat  delivered  by  the  storage  system.  In  the  fourth  column,  SOLAl?  IiIPUl' 
is  calculaxod  Ig  adding  COLL'., CIO.  CH'i  OL"''  io  Cv.d'  .lO']  Lr.I.f.A.  '"j  lie  values  of 
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STOI’Ani']  DIILTA  tend  to  he  a little  unr.tahle  hecauoc  a larf;e  maoc  ic 
multiplied  hy  a very  small,  rncacured  temperature  difference.  Allov/inf; 
for  these-  fluctuations,  a comparison  of  tJie  COLAP.  INPUT  and  FUI'NACr  OIFI’PUT 
depicts  solar  heat  bein^-j  added  to  the  house.  Column  number  six,  SICI  INPUT, 
is  the  sum  of  solar  input,  furnace  output  and  average  electrical  dissi- 
pation. These  can  be  compared  to  the  next  column,  IfPAT  LOAD,  which  is 
calculated  from  a load  factor  multiplied  by  house  temperature  minus 
ambient  temperature,  the  next  tvjo  coluiiins.  The  bottom  line  of  Table  2 
shov.'s  the  ?4-hour  totals  of  all  enei^^  quantities  and  the  2^-hour  averages 
of  all  temperatures. 


4 . 2 Daily  Total  Data 

Table  3 summarises  the  24~hour  totals  and  averages  for  each  day 
dui'ing  the  entire  monitoi-ing  period.  This  summary  also  includes  the 
daily  total  insolation  on  the  collector,  labeled  HOODiD  INSO,  and 
the  daily  total  radiation  outside  of  the  reflector,  labeled  OUT’SIDI-  INSO. 
(The  photograph  in  I'igure  2 shovjs  the  mo-unting  of  these  two  transducers.) 
During  March,  there  is  little  difference  in  the  daily  total  insolation 
betv.’een  the  hooded  and  outside  transducer.  In  May,  the  hooded  insolation 
is  reduced  due  to  shading.  It  appears  that  the  overhang  reduces  the 
diffuse  insolation  reaching  the  collector.  During  the  test  period, 
the  reflectors  v:ere  not  properly'-  adjusted  to  increase  the  reflected 
beam  radiation. 


4 . 3 Overall  Summary 

Table  4 summarises  the  monthly  totals  of  the  major  energy  inputs  juid 
average  temperatures.  These  numbers  are  combined  to  give  the  average 
performance  throughout  the  total  monitoring  period.  These  data  shov;  that 

of  the  heat  requirements  of  this  house  v;cre  provided  by  the  solar 
system.  During  the  monitoring  period,  the  solar  collectors  delivered  41,’ 
of  the  solar  radiation  as  useful  ’neat  to  the  house.  If  the  electric 
pow'er  used  to  drive  the  circulating  pump  is  deducted,  the  net  average 
collector  efficiency  becomes  39*  I'be  solai-  heat  delivered  divided  by 
the  pujnp  pov;er  consumed  gives  a coefficient  of  performance  of  22.  The 


solai-  collectoi-s  maintain  the  stor-a'-e  at  22.1 


llov.'in  q 
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pascively  delivered  to  the  living  cpnce,  v.’hoce  average  temperature 
was  19.5°C.  Table  5 summariaes  monthly  utility  records  of  electric 
pov;er.  Table  6 shows  long-term  average  degree-day  data  compared  with 
specific  monthly  degree-day  data  during  1978  and  1979* 

4 . 4 Graphical  Presentation  of  Data 

Fi^pire  8 shov/s  a graphical  presentation  of  the  hourly  data  for  five 
cold  days  in  liarch.  The  house  temperature  was  a comfortable  20°C  and 
did  not  fluctuate  more  than  a fevj  degrees  during  this  period.  The  solar 
collector  pump  operated  every  day  during  tiiis  period.  The  solar 
radiation  v/as  more  intense  for  the  three  days  in  the  middle  of  this 
period,  and  the  corresponding  response  of  the  storage  temperature  is 
evident.  The  omibient  solar  radiation  and  the  solar  radiation  on  the 
collector  under  the  hood  are  very  similar. 

Figure  9 shov/s  a graph  covering  five  days  in  April.  The  solar  radiation 
on  the  collector  is  much  less  than  the  ambient  solar  radiation,  due  to 
shading.  There  are  larger  sv;ings  in  the  house  temperature  during  these 
five  days.  Inspection  of  the  hourly  data  shov:s  that  the  furnace  w'as  not 
being  operated,  which  contributes  to  the  temperature  sv;ing. 

5.0  COMPARISON  TO  COKPUTFR  PRI.DICTIOIT 

Table  7 contains  computer  output  from  a simplified  f-chart  design 
procedure  for  the  Oien  system.  This  design  routine  uses  solar  radiation 
data  and  average  v;cather  from  Choteau,  Fontana.  This  environmental  data 
should  be  very  similar  to  the  conditions  at  Conra,d.  The  computer 
simulation  assumes  that  the  sola.r  system  is  a typical  liquid  collector 
system  vrith  storage  and  does  not  take  into  account  the  reflectors 
surrounding  the  solar  collector  or  the  passive  heat  distribution  system. 

For  the  months  of  March  through  Mtiy,  the  computer  simulation  predicts  a 
solar  contribution  of  of  the  heat  load  of  the  house.  The  monitoring 
results  for  the  period  beginning  in  March  and  ending  in  May  showed  the 
solar  contribution  as  of  the  hee.t  load.  Tlie  predicted  average 
performance  agprees  with  the  measured  performance  within  the  monitoring 
period. 
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Figure  1:  Photographs  of  the  Oion  house  and  solar  collectors 
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Fif^uro  5: 
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S - SOLAR 

T - TEFP  OIEN  }IOUSE 


lyp  - DUCT  ITl-tP 
ST  - STATUS 
P - POV.'LP 


DISK  # 

RS  // 

PROBE  3' 

TYPE 

LOCATION  AJID  NOUIJTING 

1 

1 

2 

S 

Solar  Transducer:  Located  on  ourfacc 
of  collectors  behind  Reflect ivo  Hood 

2 

5 

r. 

s 

Solar  Transducer;  Located 
in  front  of  Reflective  Hood 

3 

6 

relajV 

ST 

Furnace  Fan  Status; 

Relay  in  parallel  v;ith  Funiace  Fan 

4 

7 

relay 

ST 

Collector  Pimp  Status: 

nola,y  in  paroJell  v;ith  Furnace  Pan 

5 

21 

C 

Collector  Output 

6 

22 

c 

Collector  Efficiency 

7 

25 

22, 

23,  24 

DT 

Fuinace  Inlet: 

Averaging  set  in  Furnace  hot  air  duct 

8 

26 

55, 

56,  57 

DT 

Furnace  Outlet; 

Averaging  set  in  Furnace  hot  air  duct 

9 

27 

C 

Furnace  Output 

10 

29 

2, 

7,  51 

T 

V/ater  Storage  Barrels 

11 

30 

22, 

23,  24 

T 

Uater  Storage  Barrels 

12 

31 

26, 

27,  28 

T 

VJater  Storage  Barrels 

13 

32 

30, 

32,  33 

T 

V/ater  Storage  Barrels 

14 

33 

40 

T 

Collector  Inlet 

15 

34 

41 

T 

Cold  Domestic  Hot  Water 

16 

35 

42 

T 

Domestic  Hot  Water  Tank  Temperature 

17 

36 

43 

T 

Preheated  V/ater  Outlet 

18 

37 

/4 

T 

Col.lector  Ou.tlet 

19 

3^j  39 

49 

:ii'[  / ^ 1,  ‘n  • i 

Temperatures:  Avorag'cd  on  disk 

20 

40 

50 

T 

Ambient  Temperature; 

Located  on  north  side  of  house 

12 


FUimACE  OUl'LET 


• 

• ' 

& 

1.2 

.15 

.15 

• 

• 

1.1 

.60 

.30 

• 

• 

• 

.75 

.70 

.70 

■78.74  cm  — -I 


48.3  cm 


Area  = «38m^ 


Average  Velocity  = ,627m/8ec. 
Vol\ime  Plow  Rate  = 14. 31m^/min. 


Figui’e  6:  Air  velocity  in  furnace  outlet  duct. 


14 


Figure  8:  Graphical  representation  of  data  during  five  days  in  March. 
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TEMPl'JRATirnES , 


icure  9;  Graphical  representation  of  data  during  five  days  in  April. 
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TABLE  1 

OIKN  HOUSE  HEAT  LOAD 


R 

U 

Area 

U X A 

Coiling  & Roof 
(old  house) 

41.3 

(Btu/hr  ft^  °F) 
.024 

(sq.  ft.) 

932 

23 

Ceiling  & Roof 
(new  house) 

28.8 

.035 

655 

23 

Walls 

(old  house) 

15.9 

.063 

770 

48 

Walls 

(new  house) 

9.7 

.013 

612 

63 

W indows. 

1.7 

.58 

20.5 

119 

Basement  Floor 
(old  house) 

80 

.012 

864 

11 

Basement  Walls 
(old  house) 

60 

.016 

960 

16 

Addition  Floor 

60 

.016 

665 

11 

♦Infiltration: 

12780  ft^ 

X i X .018 

115 

429  Btu/hr  ®F 

or 

0.81  Mj/hr 


*AsBUjning  air  change/hour 
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TABLE  2 

SmPhE  HOURLY  PERFORMANCE  FOR  ONE  DAY 


DAILY  PERFORMANCE  SUMMARY  FOR  THE  CIEd  PROJECT  3/  1/80  R=  10 


HR 

SOLAR 

COLL 

STORE 

SOLAR 

FURH 

SOMM 

HEAT 

HOUSE 

AM8T 

STORE 

COLD 

DH'J 

DHli 

COLL 

COLL 

COLL 

COLL 

liJSO  CLITPIJT 

DELTA 

IliPUr 

COIPUT 

INPUT 

LOAD 

TEMP 

TEH? 

TEH? 

TDH’J 

TA.NK  OUTLET 

INLET  OUTLET 

STAT 

EFF 

(HJ) 

(W) 

(fvJ) 

(W) 

(MJ) 

(NJ) 

m) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(HRS) 

(Z) 

0 

♦ 0 

.0 

1.9 

1.9 

12.5 

13.3 

20.4 

20.7 

-13.4 

22.4 

19.7 

19.9 

21.2 

15.7 

17.9 

.0 

.00 

1 

,0 

,0 

.9 

.9 

13.7 

18.6 

20.2 

20,4 

-13.3 

nn  1 

J 

19.6 

19.8 

21.1 

15.7 

17.7 

,0 

.00 

*> 

L 

.0 

.0 

1.1 

1.1 

13,0 

23.1 

21.3 

20.2 

-15.3 

no  7 

J 

19.9 

19.8 

21.6 

15.7 

17.6 

.0 

.00 

3 

,0 

.0 

1,6 

1.6 

19.9 

25.5 

21.1 

19.4 

-15.7 

nn  n 

LL^  L 

19.9 

19.3 

21.4 

15.7 

17.5 

.0 

.00 

4 

.0 

.0 

1.2 

1.2 

19.6 

24,8 

20.3 

19.4 

-14.4 

m n 

19.9 

19.7 

21.4 

15.7 

17,3 

.0 

.00 

5 

♦0 

.0 

1.1 

1.1 

20.8 

25.9 

19.7 

19.3 

-13.5 

on  9 

20.0 

19.7 

21.5 

15,7 

17.2 

.0 

.00 

6 

.0 

.0 

1.5 

1.5 

22.7 

23.1 

19.3 

19.4 

-12.7 

on  1 

20.0 

19.7 

21,6 

15.7 

17.1 

.0 

.00 

7 

.0 

.0 

1.1 

1.1 

19.7 

24.8 

19,5 

19.3 

-13.1 

nn  1 

4.C.4  i 

20.0 

19,6 

21.5 

15.7 

17.1 

.0 

,00 

8 

1.2 

.0 

1.3 

1.3 

21.1 

26.4 

20,4 

19.7 

-14.2 

I.L 

20,0 

19.6 

21.5 

15.8 

17.0 

,0 

.00 

9 

6.2 

-.0 

.6 

.6 

1.5 

6.1 

13,9 

18.3 

-12.6 

nn  A 

V 

19.7 

19.6 

20.8 

15.8 

16.7 

,0 

-.00 

10 

19.0 

7.5 

.6 

8.1 

2.5 

14.7 

17.4 

18.6 

-10.4 

nn  A 

19.1 

19,7 

20.2 

24.0 

27.1 

,8 

.42 

11 

23.6 

14.4 

-.1 

14.3 

1.5 

19.8 

16.3 

19.1 

-8.0 

no  A 

4.4.»U 

18.9 

20.2 

20.0 

29.6 

33.3 

1.0 

,54 

12 

35.6 

19.4 

-6.4 

13.0 

.0 

17.0 

15.4 

19.5 

-6.2 

22.2 

18.9 

20.8 

20.Q 

33.4 

33.3 

1.0 

.53 

13 

37.3 

21.7 

-17.2 

4.5 

.0 

8.5 

14.6 

19.7 

-4.5 

22.8 

18,9 

21.6 

20.1 

35.3 

40.8 

1.0 

.61 

14 

37.0 

21.5 

-13.7 

2.8 

.0 

6.8 

13.5 

19.6 

-2.9 

23.5 

19.0 

m 7 

20.2 

35.7 

41.2 

1.0 

,62 

15 

26.9 

IB, 3 

-15,8 

3,0 

.0 

7.0 

12.7 

19.3 

-1.9 

24.1 

19,1 

22.3 

20.3 

34.6 

39.4 

1.0 

.75 

16 

25.4 

14.1 

-12.8 

1.3 

.0 

5.3 

12.1 

19.0 

-1.1 

24.5 

19,2 

23.2 

20.4 

32.4 

35.9 

l.O 

.5? 

17 

15,4 

5.9 

-7.2 

-1,3 

.0 

2.7 

12.1 

18,6 

-1.6 

24.8 

19.2 

23.4 

20.4 

23.3 

30.2 

.8 

.41 

18 

2.5 

.0 

.1 

.1 

1.8 

5.9 

13.9 

19.9 

-3.3 

24.8 

19.1 

23.3 

20.2 

22.0 

25.7 

.0 

.00 

19 

.0 

.0 

,6 

.6 

15.4 

20.0 

16.9 

21.6 

-6.5 

24.8 

19.7 

07  0 

CO  » c 

21.1 

18.0 

22.3 

.0 

.00 

20 

.0 

.0 

1.0 

1.0 

4.6 

9.6 

17.9 

20.5 

-9.4 

24.7 

19.5 

23.0 

20.2 

16.7 

20.7 

.0 

.00 

21 

.0 

.0 

1.1 

1.1 

3.4 

13.5 

17.9 

20.2 

-9.7 

O'  7 

Z.7  St 

19.5 

23.0 

20.2 

16.1 

19,9 

.0 

.00 

22 

.0 

.0 

1.1 

1.1 

3,5 

13.6 

18.3 

20.3 

-9.7 

24.6 

19,6 

22.9 

20.3 

15.8 

19.5 

.0 

.00 

23 

.0 

.0 

1.3 

1,3 

3,8 

9.1 

17.7 

20,3 

-9.2 

24.6 

19.5 

00  q 

CL 

20.1 

15.7 

19.3 

,0 

.00 

0 

,0 

.0 

1.2 

1.2 

8.3 

13.5 

16.0 

18.6 

-8.1 

24.5 

19.3 

22.7 

19.8 

15.6 

18,9 

.0 

.00 

235.6 

123,2 

-53.3 

64.4 

224.1 

333.5 

433.4 

19.7 

-9.2 

23.2 

19,5 

21.3 

20.7 

21.2 

24.2 

7.6 

19 


T/JiLM  3 

DAILY  Pia^TORMMICE  SUI'HIARY 
MARCH 
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ST03E 
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F3?^ 

wJM'1 

HiAI 

H.rjSE 

h5Bi 

STG33 

CGID 

VU 

H33BE0 

GTS  117 

CG2L 

‘ J ? 

IN3C 

GO  175 : 

DSLTA 

IM'Jl 

CIJIPJI 

IN93I 

1.8A3 
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1 v.»i 
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19.6 

22.9 
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3 
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n 
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IS 
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TABLE  3 I continued 


DAILY  I’EHFORMANCE  SUIWIAI^Y 
APRIL 

Unii)  th:  gien  project 


PA 
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COLL 

STCPc 
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TABLE  5 

KONTHLY  IPl'ILITY  RECORDS  OF  ELECTRIC  POfr/EK 
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Note;  I!r,  Oien  estimates  that  ki-.'h/month  io  used  for  running:  a 
pximp  to  v/ater  cattle  and  to  operate  equipment  in  a workshop. 
The  remaining;  ener{;y  is  used  in  the  }iouse. 
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TABLES  OP  IIOURLY  PERroRKANCE  DATA  FOR  OIEN  HOUSE 


EQUATIONS  USED  TO  PROCESS  DATA 
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TABLE  1 


DAILY  F'ERFCrMANCE  SLM'iARY  FCR  THE  0IE:1  P.’C.JECT  V 2?/30  R=  1 
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DATA  ACQUISITION  SYSTIJl 
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A lov;  cont  data  acqixiuition  uyntcm  wan  developed  for  solar  performance 
monitoring  and  ic  pictured  in  Fi^;urc  1 on  the  following  page.  The 
heart  of  the  cyntem  in  a IJadio  Shack  TRS-BO  computer  having  a 4K  memory. 
This  system  has  the  capability  of  40  input  chcinnels  and  is  controlled  by 
a Level  II  BASIC  program  which  allows  the  user  to  structure  data  sampling 
and  processing  procedures.  Calibration  constants,  error  checks,  scan  rate, 
data  averaging,  printing,  etc.,  can  be  manipulated  using  this  progran 
capability.  A real  time  clock  within  the  a/d  converter  chassis  is  used 
to  time  the  data  output  on  the  cassette.  Scanning  at  an  average  rate  of 
40  channels  per  five  seconds,  the  data  is  averaged  at  the  end  of  each 
hour.  This  data  is  then  written  onto  the  cassette  recorder  for  processing 
at  a later  time. 

Temperatures  were  measured  using  AD~590  transducers  made  by  Analog 
Devices.  A BASIC  computer  program  was  used  v/ith  the  data  acquisition 
system  to  calibrate  the  probes  against  a precision  thermometer.  The 
absolute  accuracy  of  the  temperatures  measured  is  better  than  0.5°C  ( 1°P) , 
vfhile  the  accuracy  of  small  temperature  differences  is  0,1°C  (0.18°P), 

Total  solar  radiation  on  the  collector  surface  was  measured  using  a 
silicon  cell  pyranometer.  The  device  v;as  manufactured  by  the  contractor 
and  is  rnoimted  in  the  plane  of  the  solar  collector.  The  device  has  been 
referenced  to  NOAA  Standards  v;ith  an  estimated  overall  accuracy  of  5/^. 

Electric  power  is  measured  using  clamp-on  ammeters  calibrated  on-site 
against  the  utility  Idlh  meter.  The  status  of  motors,  dampers,  curtains 
and  fans  is  determined  using  appropriate  relays,  microswitches  or  mercury 
switches. 

Plow  in  liquid  systems  is  measured  using  Kersey  MYR-30  turbine  meters 
which  have  been  interfaced  to  the  DAB.  Flow  in  air  systems  is  mapped  using 
a hot-v;ire  anemometer  for  a one-time  measurement  to  characterize  the  flov:. 
Status  switches  and  software  combine  the  one-time  measurements  to  calculate 
appropriate  heat  flow  quantities. 
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Video  display  of 
current  data  scan: 

40  channels,  time,  date 


Keyboard  for 

controlling  system 

(l)  Cassette  for  storing 
data  and  programs 


40  channels  analog 
input,  a/d  conversion 
(12  bit),  real  time 
clock 


— Power  supply  for 
computer  and  a/D 
interface 


12V  battery:  powers 
system  up  to  5 hours 
in  the  event  of  a 
power  shortage 


I 


V 


Figure  1:  Computer-Based  Data  Acquisition  System 
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NOTICE 

This  report  was  prepared  as  an  account  of  v:ork  sponsored  by  the  Ener^^ 
Division  of  the  Montana  Department  of  Natural  Resources  and  Conservation 
through  the  Alternative  Renewable  Energy  Sources  Program.  Neither  the  State 
of  Montana,  nor  the  Department,  nor  any  of  their  employees,  nor  any  of  their 
contractors,  subcontractors,  or  their  employees,  inolce  any  warranty,  ex- 
pressed or  implied,  or  assumes  rny  legal  liability  or  responsibility  for 
the  accuracy,  completeness  or  usefulness  of  any  in  formation,  apparatus,  pro- 
duct or  process  disclosed,  or  represents  that  its  \iGe  would  not  infringe 
privately-owned  rights. 


NOTO  ON  UNITS 


The  test  results  in  this  report  are  given  in  metric  or  SI  units. 

This  convention  corresponds  to  current  professional  practice  and  is 
in  accord  with  the  recommendations  of  the  International  Solar  Energ/ 
Society  and  most  technical  journals. 

Most  readers  are  familiar  with  the  Celsius  or  Centigrade  temperature 
scale  (°C)  and  vjith  power  measured  in  kilowatts  (kl'/).  The  metric  unit 
of  enerf-y  is  the  Joule  (j).  Most  energy'-  quantities  in  this  report  are 
expressed  in  megajoules  (MJ)  which  is  10  joules  or  a million  joules 

(1,000  BTU  = 1 kBTU  = 1.05  MJ) . Since  one  MJ  is  about  one  thousand 
BTU’s,  a furnace  with  a rating  of  100  thousand  BTU/hour  would  be  rated 
at  about  100  Mj/hour.  This  approximate  conversion  will  be  useful  to  the 
reader  accustomed  to  thinking  in  thousands  of  BTU. 

Other  abbreviations  included  in  this  report  are:  1 = liters, 

2 

m = meters,  m = square  meters  eind  IdJh  = kilowatt  hours. 


AT3STHACT 


This  project  is  a larce,  passive  solar  ffreenhouso  located  about 
10  miles  north  of  Circle,  Montana.  The  greenhouse  belongs  to 
John  Brown  and  was  designed  and  built  by  Jim  Baerg.  The  structure  is 
well  insulated,  earth  sheltered  and  has  a large  solar  aperture.  There 
was  no  source  of  auiiliaiy  heating  during  the  monitoring  period.  The 
project  IS  a strongly  solar  driven  structure  leading  to  large 
temperature  swings.  The  lack  of  auiciliaiy  heat  resulted  in  Vreecing 
temperatures  within  the  structure  during  extreme  cold  periods  with 
low  solar  radiation.  Measurements  of  wind  speed  at  the  cite  showed 
that  the  existing  wind  generator  could  be  used  in  conjunction  with  a 
resistance  heater  to  provide  a large  portion  of  the  ouxiliaiy  heating 
requirements.  Given  a modest  amount  of  auxiliaiy  heat  and  plants 
which  could  survive  fluctuating  temperatures,  this  structure  could  be 
pov;ered  100^^  by  solar  and  wind  energy. 


SOLAP  SYSTEM 


Type:  PaBsive,  earth  sheltered 
Aperture  Area:  54  (^osc),  40  (net)* 

Glazin,g:  Glass,  fiberglass,  vinyl 
Movable  .Insulation:  Foilon/polarguard  quilt, 


approximately  2.5  cm. 


STORAGI']  MASS 

V’ater  Barrels:  I872  kg 
Rock  Bin:  15,000  kg 
Back  Mali:  13,600  k,g 
Floor:  20,000  kg 


THERMAL  CAPACITY  (MJ  oq-I) 

7.8 

12.3 

11.4 

36.1 


thick 


AUXILIARY  HEAT 
None 


Shading  from  insulating  curtain  and  framing 
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1.0  JNT1U)DUCTI0N 

This  project  is  located  10  miles  north  of  Circle,  Montana.  Tlie 
greenhouse  is  owned  by  John  Brov/n  and  was  designed  and  built  by 
Jim  Baerg.  The  greenhouse  is  not  connected  to  utility  power  and  there 
is  no  auxiliary  source  of  heat.  Electricity  for  pumping  water  and 
lighting  comes  from  a wind  generator  coupled  v;ith  storage  batteries. 

This  project  was  monitored  for  70  days  during  the  winter  of  1979*-fiO. 

2 . 0 DESCRIPTION  OF  PASSIVE  SOLAR  GldJiJNHOUSE 

A photograph  of  the  greenhouse  is  shovm  in  Figure  1.  The  slanted 

portion  of  the  glazing  is  corrugated  fiberglass  and  the  vertical  portion 

is  glass.  An  interior  glazing  made  of  vinyl  film  v/as  added  to  reduce 

convection  losses  through  the  aperture.  The  overall  area  of  the 

aperture  is  54  Shading  due  to  the  framing  and  movable  insulation 

2 

reduces  the  effective  aperture  to  about  /jO  ra  . 

Figure  2 shows  a sectional  view  of  the  greenhouse.  The  north  wall 
of  the  greenhouse  is  earth  sheltered  and  the  floor  is  dirt.  An  active 
heat-storage  system  consisting  of  a rock  bin  is  located  \mder  the  floor 
along  the  front  boundary  of  the  greenhouse.  A thermostatically 
controlled  fan  drav/s  wai'm  air  froiri  the  ridge  of  the  greenhouse  and 
distributes  this  air  tlirough  a perforated  pipe  buried  in  the  bottom  of  the 
rock  bed.  This  air  returns  to  the  greenhouse  through  the  exposed  top 
surface  of  the  rock  bed.  Direct  current  from  the  v;ind  generator  system 
drives  the  fan  motor,  ^i’welve  drums  filled  with  water  are  situated  behind 
the  glazing  to  serve  as  heat  storage  elements.  Two  wind-driven  vents 
are  intended  to  remove  excess  heat  from  the  greenhouse.  These  vents  v;ere 
closed  during  the  monitoring  period. 

Figure  3 sliows  a p]an  view  arid  elevation  vievr  of  the  greenhouse 
which  illustrates  the  location  of  the  heat  storage  barrels.  Note  that 
the  movable  insulation  shades  a portion  of  the  glazing.  The  pliotograph 
in  Figure  4 shows  the  movable  insulation  in  its  retracted  position.  The 
movable  insulation  is  supported  on  tracks  and  is  actuated  by  hand.  The 
curtain  is  constructed  of  two  layers  of  Foilon  quilted  to  a layer  of 
1.5  oz.  Polarguard.  VJhen  the  curtains  are  in  the  closed  position,  spring 
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loaded  boaids  damp  the  ed,"e  of  the  curtain  to  reduce  convection 
behind  the  curtain.  One  of  tlieee  boards  can  be  seen  in  Figure  4. 

There  are  two  types  of  growing  beds  in  the  greenhouse.  The  raised 
bods  consist  of  dirt  in  wood-framed  boxes  about  one  meter  above  the 
floor  of  the  greenhouse.  In  the  west  end  of  the  greenhouse  there  are 
two  beds  on  the  floor  of  the  greenhouse, 

3.0  INSTKUT4ENTATI0N  LAYOUT 

Figure  5 shows  a schematic  of  the  greenhouse  which  depicts  the 
arrarigemont  of  the  transducers  and  the  conceptual  model  of  the  storage 
masses  for  this  project,  A solar  radiation  transducer  was  mounted  on 
the  outside  of  the  glazing  and  a second  transducer  on  the  inside  of  the 
glazing.  These  transducers  were  tilted  to  match  the  average  slope  of 
the  glazed  aperture.  Details  on  the  data  acquisition  system  are  shown 
in  Appendix  II.  Figure  6 shows  a picture  of  the  data  acquisition  system 
located  in  the  east  end  of  the  greenhouse.  Figure  6(b)  shov;s  the 
mounting  of  the  anemometer  on  one  of  the  roof  towers  to  measure  v^^ind 
speed. 

A set  of  three  averaging  temperature  probes  was  taped  to  the 
exterior  surface  of  three  different  water  storage  barrels.  These 
transducers  were  mounted  using  silicone  heat  transfer  paste  and  then 
insulated  from  the  room  air  with  foam  one  cm.  thick.  The  moiinting  of 
these  probes  v;as  designed  to  assure  that  they  would  respond  to  the 
temperature  of  the  water  in  the  barrels.  Two  probes  with  radiation 
shields  measured  the  air  temperature  in  the  east  and  west  ends  of  the 
greenhouse  near  the  glazing,  about  3 rn  above  the  floor,  A set  of  three 
temperature  probes  measured  the  air  temperature  in  the  rear  portion  of 
the  greenhouse,  about  2 m above  the  floor. 

The  fan  used  to  charge  the  rock  bin  storage  was  instriimented  vath 
a status  relay  on  the  motor,  A temperature  probe  was  mounted  in  the 
duct  to  measure  the  inlet  air  temperature  and  three  temperature  probes 
buried  5 cm  beneath  the  surface  of  the  rock  storage  bed  measured  the 
outlet  air  temperature.  The  air  flow  in  the  duct  used  to  charge  the 
rock  bed  storage  was  measured  using  a hot-wire  anemometer.  The  results 
of  these  measurements  are  shovm  in  Figure  7*  The  average  flow  rate 
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\ias  21.75  minute. 

The  soil  temperatures  in  the  raised  grov;inf^  beds  and  in  the  floor 
beds  v/ere  measured  with  probes  buried  5 cm  bclov/  the  surface  of  the  coil. 
The  temperature  of  the  concrete  wall  at  the  rear  of  the  greenhouse  was 
measured  v/ith  a set  of  three  probes  attached  to  the  surface  of  the  concrete 
and  insulated  with  1 cm  of  foain.  The  ambient  air  temperature  was 
measured  with  a probe  situated  in  a radiation  shield  attached  to  the 
north  side  of  the  center  vent  tower  above  the  greenhouse.  Further 
descriptions  of  the  mounting  probes  are  given  in  the  Transducer  Log  in 
Table  2. 

4 . 0 DATA  MALYSIS  MI)  HESULTS 

The  raw,  hourly  data  for  the  entire  monitoring  period  was  formulated 
using  the  format  illustrated  in  Table  3.  This  data  is  for  the  day  of 
December  30  and  is  used  as  an  example  to  discuss  typical  data  processing. 

A complete  listing  of  the  hourly  data  for  this  monitoring  project  is 
given  in  Appendix  I.  The  data  is  organized  around  the  energy  balance 
shovm  in  Equation  [I]. 

Energy  Input  4-  A Stored  Energy  = Energy  Output  [1] 

The  only  energy  input  in  this  project  is  due  to  solar  radiation 
passing  through  the  aperture,  as  there  is  no  auxiliary  heat  in  the 
building.  In  Table  3»  SOLAE  INPUT  vjas  calculated  from  the  measured 
insolation  passing  through  the  aperture  multiplied  by  the  effective  area 
of  the  aperture  for  all  times  v;hen  the  movable  insulation  was  open. 

Four  heat  storage  elements  were  considered  in  this  data  analysis: 
the  rock  bin  storage,  the  v/ater  barrels,  the  rear  concrete  wall  and  the 
floor  of  the  greenhouse  itself.  These  storage  energy  terms  are  positive 
vjhen  they  are  delivering  heat  to  the  air  in  the  greenhouse  and  are 
negative  v.'hen  they  are  absorbing  heat  from  the  greenhouse. 

The  heat  input  into  the  rock  bed  is  shown  in  Column  2,  POCK  STORE. 

This  quantity  v/as  obtajned  by  multiplying  the  air  flov;  rate  in  the  forced 
convection  duct  by  the  specific  heat  and  the  inlet  temperature  to  the 
rock  bed  minus  the  outlet  temperature  from  the  rock  bed.  Heat  from 
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the  rock  Led  was  delivered  Lack  to  the  ^p^eenhouce  Ly  natural  conduction 
and  convection  which  wac  dif’ficult  to  meanure  v;ith  precision.  An 
approximate  equation  v;as  derived  to  calculate  the  heat  output  of  the 
rock  Led  Laced  on  the  temperature  difference  Letween  the  rock  bod  and 
the  air  in  the  /greenhouse.  The  results  of  this  empirical  equation  are 
found  in  the  third  column,  labeled  ROCK  OTPUl'. 

The  v/ater  barrels,  the  storage  wall  and  the  floor  of  the  greenhouse 
were  considered  as  simple  mass  elements  v;hose  temperature  and  effective 
thermal  mass  was  knovm.  The  heat  input  or  output  of  each  of  these 
elements  was  calculated  Ly  multiplying  the  respective  thermal  masses  Ly 
the  hourly  temperature  difference. 

The  7'th  column  in  the  Table  is  labeled  SUMM  INPUT  and  is  the  algebraic 
sum  of  the  solar  radiation  and  storage  elements  listed  previously.  This 
term  is  the  net  hourly  energy  delivered  to  the  greenhouse.  The  next 
column  in  the  Table  is  labeled  CALC  LOSS  and  was  calculated  by  multiplying 
the  loss  coefficient.  Table  1,  for  the  entire  structure  by  the  air 
temperature  difference  betvjeen  the  greenhouse  and  ajnbient  air.  The  com- 
parison of  the  magnitudes  of  SUliM  INPUT  and  CALC  LOSS  tests  the  accuracy 
of  the  heat  balance  formulation.  The  disagTeement  of  the  hourly  values 
of  these  two  quantities  is  due  to  transient  storage  effects,  approximations 
and  errors  in  the  analysis.  These  transient  errors  tend  to  cancel  out  in 
the  daily  averages  and  monthly  averages  (see  data  in  Appendix  l). 

The  next  nine  columns  are  hourly  measurements  of  temperatures.  AMBT 
TEMP  is  the  ambient  air  temperature.  The  next  column,  INSL  CURT,  is 
the  reading  of  a probe  situated  betvjeen  the  movable  insulation  and  the 
glazing.  The  readings  of  this  probe  were  used  to  figure  the  effective 
U value  of  the  insulating  curtain  at  night  wlien  it  was  closed,  REAR  TEI-IP 
and  FT^ONT  TEI-lP  are  the  air  temperatures  in  the  rear  and  the  front  of  the 
greenhouse.  Notice  that  during  the  middle  of  the  day,  the  temperature  in 
the  front  of  the  greenhouse  responds  dramatically  to  the  solar  radiation 
input  while  the  temperature  in  the  rear  is  more  stable.  The  next  tvjo 
columns  shov;  the  temperatures  in  the  planting  beds  on  the  floor,  LOU  BED, 
and  the  soil  in  the  raised  planting  beds,  HIGH  BED. 

The  wind  speed  (in  meters  per  second)  measured  on  the  tov;er  on  the 
greenhouse  is  shown  in  the  ri^t-hand  portion  of  the  table.  Since  there 
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is  a wind  /generator  at  this  site,  v;e  used  the  measured  wind  speed  to 
calculate  approximately  tlie  wind  pov;er  in  mej^ajoules  available  at  the  site. 
The  measured  wind  speed  was  modified  to  account  for  the  extra  heighth  of 
the  tower  and  a conversion  efficiency  of  35!^  v.'as  assumed  for  the  wind 
generator.  Since  the  wind  generator  is  seldom  used  at  this  project,  it 
represents  a potential  alteraative  source  of  pov;er. 

The  final  value,  labeled  CUIiT  U-VAL,  is  the  calculated  heat  transfer 
coefficient  of  the  movable  insulation  in  watts  per  square  meter  degrees 
Celsius.  This  value  is  calculated  for  all  times  when  the  curtain  is  closed. 
These  measured  values  shov;  that  the  curtain  is  considerably  less  effective 
than  expected.  This  is  probably  due  to  air  leakage  around  the  edges  of  the 
curtain. 

An  overviev/  of  this  table  shows  the  storage  elements  delivering 
heat  to  the  greenhouse  during  the  early  morning.  During  the  day,  when 
the  sun  is  out  and  the  curtains  are  open,  the  storage  elements  one  all 
absorbing  heat  as  signified  by  the  negative  numbers,  b’hen  the  sun  goes 
down  £ind  the  curtain  is  closed,  the  storage  elements  cigain  deliver  heat  to 
the  greenhouse. 

The  bottom  line  of  this  Table  shovjs  daily  totals  of  energy  quantities 
and  daily  averages  of  temperature  quantities.  For  this  day,  a total  of 
430  MJ  of  solar  ener^^r  was  transmitted  through  the  glazing.  The  heat 
requirement  of  the  greenhouse  was  about  404  The  sun,  therefore, 

supplied  an  adequate  amoiint  of  lieat  on  this  dey.  The  storage  elements 
served  to  absorb  excess  solar  heat  during  the  day  and  delivered  heat  to 
the  greenhouse  at  night,  as  intended. 

The  temperature  sv;ings  in  the  greenhouse  are  quite  large.  The 
temperature  in  the  front  portion  of  the  greenhouse  reached  33.6  °C  at 
2:00  p.m.  ( I4OO  hours),  while  the  daily  average  temperature  in  the  front 
of  the  greenhouse  v;as  I9.6  °C. 

Graphical  presentation  of  the  data  for  this  passive  structure  is 
shov;n  in  Figures  8,  9 10.  Each  of  these  figures  shov.'s  continuous 

hourly  data  for  five  da^^'-s.  On  the  bottom  of  the  graphs  is  the  intensity 
of  the  solar  radiation  measured  both  on  the  outside  of  the  glazing  and 
inside  the  glazing.  On  days  v;hen  the  insulating  curtain  v.'as  not  removed, 
there  is  only  a single  trace  of  solar  radiation  originating  from  the 
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outside  solar  cell.  This  occurs  on  January  2,  January  9 January  10. 

In  Fi/;:ure  8,  the  first  three  days  show  a moderate  amovmt  of  solar 
radiation  available.  The  structure  responds  with  increasing  air 
temperatures  during  the  day  vjhich  decay  over  the  night.  The  temperature 
of  the  soil  in  the  low  bed  is  shown  to  respond  to  a lesser  magnitude 
and  more  clov;ly  th.-jin  the  air  temperature.  Figure  9 chows  three  days 
of  moderate  solar  radiation  followed  by  two  days  when  the  curtains 
were  not  opened.  Notice  that  the  air  temperature  of  the  greenhouse 
drops  to  near  zero  degrees  Celsius  at  the  end  of  this  period!  The  ambient 
temperatures  are  also  quite  low  during  this  period.  In  Fi.gure  10,  the 
ambient  temperatures  rise  through  the  v;eek  and  there  is  usable  solar 
radiation  each  day.  The  temperature  of  the  soil  gradually  increases 
throughout  this  week. 

The  hourly  data  of  Appendix  I is  condensed  into  daily  total  and  average 
values  and  presented  in  Tables  At  5 and.  6,  The  format  of  this  Table  has 
been  changed  slightly  to  include  two  nev;  columns,  LOVJ  TMP  and  HIGH  TEMP. 
These  columns  show  the  maximum  and  minimum  daily  readings  of  the  temperature 
probes  in  the  rear  of  the  greenhouse.  These  data  are  included  to 
indicate  thermal  stress  on  plants  growing  in  the  greenhouse. 

Notice  that  on  January  11,  the  temperature  in  the  rear  of  the  greenhouse 
dropped  belov;  freezing.  Inspection  of  the  hourly  data  for  January  shov/ed 
that  temperatures  in  the  front  portion  of  the  greenhouse,  which  are  less 
stable,  dropped  belov;  freezing  on  seven  different  days. 

A graphical  presentation  of  the  daily  average  temperature  data  for 
December  and  January  is  given  in  Figures  11  and  12.  Shown  on  these 
graphs  are  the  daily  average  ambient  air  temperatures  and  air  temperatures 
inside  the  greenhouse.  Bars  on  the  inside  temperatures  indicate  the 
maximum  and  minimum  values  of  air  temperature  measured  at  the  rear  of  the 
greenhouse.  The  bar  chart  in  the  lower  portion  of  the  graph  shoves  the 
corresponding  solar  energy  input  into  the  house  each  day  in  megajoules. 

These  gi’aphs  illustrate  the  combined  effect  of  lov;  ambient  temperatures 
and  low  solar  radiation  on  the  equilibrium  temperature  of  the  growing 
space  inside  the  greenhouse.  The  graphs  also  indicate  the  wide  temperature 
swings  in  the  greenhouse  on  days  v;hen  there  is  a large  amovmt  of  solar 
radiation. 
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The  data  ia  further  condonced  to  form  an  overall  performctnce 
Gummarj  and  chovm  in  Table  7*  I’lic  colar  f^ain  for  the  entire  monitorin/^ 
period  of  70  days  a/iirees  quite  v/ell  v/ith  the  calculated  heat  load,  which 
vorificD  the  analycic.  The  Gtora^e  heat  flov/  temio  cancel  out  in  this 
overall  analysis.  The  avcra^;e  air  tcmpera.ture  inside  the  greenhouse 
throughout  the  monitoring  period  was  14.1  *^0,  v;hile  the  average  ambient 
temperature  was  -7.S  It  is  important  to  note  that  during  January  the 

air  temperature  in  portions  of  the  greenhouse  was  below  freezing  for 
seven  days. 

The  average  temperatures  of  the  high  and  low  plant  beds  are  also 
given.  The  high  bed  is  seen  to  have  an  average  temperature  of  1,3 
above  the  low  bed  temperature.  It  should  be  noted  that  during 
January  the  lovj  bed  was  freezing  on  tv;o  days.  The  high  bed  responds  more 
dramatically  to  heat  gains  during  the  day  but  is  more  subject  to  freezing 
during  extended  cloudy'’  and  cold  periods. 

The  last  column  in  the  Summary  Table  gives  the  estimated  heating 
potential  of  the  w'ind  generator.  This  v;ould  be  accomplished  if  the 
wind  generator  was  allowed  to  run  100^  of  the  time  and  was  connected  to 
resistance  coils  located  in  the  greenhouse.  The  ancilysi.s  shovis  that  during 
the  monitoring  period  the  v;i.nd  generator  v;ould  have  provided  3,495  MJ  of 
iieat  to  the  greenhouse.  The  effect  of  this  additional  energy  input  on 
the  average  temperature  of  the  greenhouse  is  listed  in  the  final  column, 
headed  AT,  °C,  This  column  shovjs  the  estimated  increase  in  average 
temperature  if  the  wind  generator  was  used  to  heat  the  greenhouse.  Although 
this  analysis  is  highly  approximate,  it  indicates  that  this  extra  energy 
may  have  prevented  the  greenhouse  from  freezing, 

5 * 0 CALCm,.ATED  Pn^ir’ORIbVNC?. 

A prediction  of  the  performance  of  this  project  was  made  using  a 
modified  version  of  the  f-chart  design  analysis.  Solar  radiation  data  v/as 
talccn  from  the  Solar  Insoln,tion  Measurement,  Montana  (SII'M)  station  at 
Glendive,  Tempera.turc  cmd  average  degree-dey  data  from  Glendive  was 
also  used.  This  design  procedure  sliov.'s  that  the  annual  solar  fraction 
of  the  greenhouse  vjould  be  Table  8, 

The  analysis  assumes  that  auo^iliarj’'  or  backup  energy  is  used  to 
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maintain  the  temperature  of  the  grcenhouBC  at  18.3  ^C.  The  results  shov; 
that  auxiliary  energy  is  needed  during  the  months  of  December,  January 
and  February.  The  measured  avera^je  air  temperature  in  the  {pr'eenhouse 
did  drop  belov/  this  set  point  during  the  monitoring  period.  Calculations 
of  the  auxiliary  energy  required  to  raise  the  greenhouse  from  the 
measured  temperature  to  the  set  point  of  18.3  °C  showed  a total  energy 
requirement  of  lt379  kVJh.  Tlie  f-chart  prediction  for  auxiliary  energy 
for  the  corresponding  period  was  1,814  Idih.  The  vjind  energy  available 
during  the  monitoring  period  v/as  970  kl'.'h. 

It  appears  that  a modest  amount  of  auxiliary  energy  v;ould  prevent 
this  structure  from  freezing,  an  important  consideration  for  a greenhouse. 
This  auxiliary  energy  load  could  approximately  be  met  by  the  existing 
wind  generator  coupled  to  appropriate  heat  storage.  This  option  is 
particularly  attractive  since  the  design  goal  for  this  greenhouse  vjas  a 
100^  alternative  energy  structure. 


TAIiLE  1 


CALCULATED  m^,AT  LOAD  POD  PASSTVI]  GREEimOUSE 


AREA,  Fr2 

R 

U 

UA 

Roof 

700 

32 

0.031 

21.9 

Wall^ 

96 

22 

0.045 

4.4 

Wall^ 

80 

4.7 

0.22 

17.1 

Collector 

585 

4.67 

(1.67) 

0.214 

(0.60) 

125.3^ 
(351)  ** 

Floor  &.  Back  Wall 

Negligible 

0 

Infiltration 

( est. ) 

58 

* 0.86  MJ  hr*"^  ^^C 

452  BTU  hr-l  op-'' 

**  0.43  MJ  hr-1  <"^0 

227  BTU  hr"''  OF“1 


^ Insulating  curtain  closed 
Insulating  curtain  open 
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'j'AHLi'; 

Ti{Ai'ior)UCi':i{  i.(XJ 


TYl'Kf;: 

S - SOLAR 

T “ BRO'IN  GREENHOUSE 

lyp  - DUCT  TIDIP 

ST  - STATUS 


DISK  if 

I 

PROBE  # 

LOCATION  AJID  MOUNTING 

1 

1 

2 

S 

Outdoor  Solar  Traiicduccr:  Mounted  on 
vent  tevjcr  1,5ni  above  the  peak  of  the  roof 

2 

5 

5 

s 

Indoor  Solar  Transducer: 

Mounted  2m  above  Greenhouse  floor 

3 

6 

Ilanual 

Sv/itcli 

ST 

M.-mual  Switch  to  indicate 

Curtain  Status:  Located  next  to  li|"ht  m.’itch 

4 

7 

relay 

ST 

Relay  connected  in  parallel 

v/ith  fcui  motor  to  indicate  fan  status 

5 

8 

ST 

Calculated  Curtain  Status 

6 

16 

Anemometer:  Used  to  measure  v/ind  speed. 

Movinted  on  vent  tov;er  ,5m  above  vent 

7 

29 

2 

7,  51 

T 

Avera^::ing  Probes:  Located  on  3 of  9 

55“6allon  drums  filled  with  i/ater  for  heat  stora^^e 

8 

30 

22 

23,  24 

T 

Set  of  3 Averaginc  Probes: 

Located  on  the  north  side  of  supporting;  posts 

9 

31 

26 

27,  28 

T 

Averafring  Probes:  Buried  6-8  inches  in  Rock  Bin 

10 

32 

30 

32,  33 

T 

Averacinc  Probes:  Located  on  inside  of  North  Uall 

11 

34 

41 

T 

Temperature  probe  moimted  .5ni 

belov;  peak  of  ceiling  in  radiation  shield 

12 

35 

42 

DT 

Temperature  pi’obe 

located  in  duct  just  beneath  the  fan 

13 

36 

DT 

Above  probe  serood  on  status 

14 

37 

44 

T 

Temperature  probe  located  in  {rowing  bed 

bed  on  Greenhouse  floor  5 era  beneath  soil  surface 

15 

38 

48 

T 

Temperature  probe  located  in  ^Towing  bed 

1m  above  floor,  5c^iii  beneath  coil  surface 

16 

39 

49 

T 

Temperature  probe  located  betv;een  f^lazinc: 
and  insulatiui'j  cui'tain  1.5  meters  above  floor 

17 

40 

50 

T 

Ambient  Temperature  Probe:  Mounted  on 
north  side  of  vent  tovjer  1m  above  the  roof 
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TAT3LE  3 

I’YPICAL  HOURLY  DATA 


PAT  LI 

pCpC'^'O' 

riAICE 

? FOR 

FRCRf 

K-: 

S'TLA!'-: 

?-TK 

rg:l 

STORE 

STORE 

STORE 

STb3e  1 

"ITC-’T 

..*  « i v i 

PSRRi. 

IjELL 

FLGTR 

(hJ) 

(hJ) 

(hi) 

(M) 

(hi) 

(hJ) 

1 

,0 

.0 

2.4 

1.4 

T I 

JL  ‘ : 

9.7 

T 

L 

.0 

.0 

2.3 

1.5 

n 1 

i.  * (. 

9.4 

1 

.0 

.0 

0 0 

A ‘ 4 

1.6 

2.(; 

9.0 

,0 

,c 

2.1 

1.6 

2.3 

8.7 

5 

,0 

2.0 

1.6 

n *7 

f A 

7.6 

6 

.0 

1.9 

i.A 

2.0 

7.6 

7 

.0 

,0 

1.8 

l.A 

2.0 

7 ^9 

» 

V 

.0 

,0 

1.6 

1.6 

2.0 

7,2 

? 

9i\? 

-2.3 

v:»JL 

.5 

1.3 

6.9 

10 

1 

C.  ti 

-6J 

-14.0 

-2.4 

-.7 

-8.3 

11 

9?w 

-10^? 

-3.3 

-4.5 

-5.8 

_97  . c 

12 

6L2 

-10.3 

-6  = 4 

-3,9 

-9,4 

-36,5 

13 

67.1 

-10.4 

* V t •- 

-4.4 

-12.9 

-30.7 

U 

70.  A 

-3.9 

-3.3 

-5.3 

-23.5 

15 

2i,5 

-i.l 

-O  7 

iL  6 ' 

-2.3 

1.6 

-17.3 

li 

13.7 

.0 

1.7 

- ■ • 0 

7 

A*  J 

-7  /. 

!.•  * 

17 

.0 

7 0 
LTJ 

1.3 

*7  f 
A ‘ ^ 

7.9 

13 

.C 

.0 

4.9 

1.3 

2.6 

14.1 

1? 

.0 

4.3 

1,4 

2.4 

13.7 

20 

S) 

.0 

4,1 

1.3 

2.3 

12.6 

21 

.0 

.0 

3.5 

1.3 

L » C 

11.6 

n 

,0 

.0 

3.1 

1.6 

2.2 

11.6 

23 

,0 

.0 

3.0 

1.6 

0 'I 
L*l 

10.5 

0 

.0 

.0 

2,3 

1.6 

-!  A 

10,1 

430.A 

-5^.7 

2.4 

1.9 

6.1 

1.6.6 

S CREFflRR'iSE 

12/  30 

F-  52; 

3 

Si;ii 

co’,r 

A58T 

It'SL 

REAR  ! 

RE'iT 

LGV' 

LOSS 

TEn^' 

C'iRT 

TF4'’ 

TE‘i" 

BEli 

(M) 

(M) 

(C) 

(C.) 

(C.) 

(R.) 

(Ri 

15.7 

10.6 

-•7  *7 
/ yf. 

-.0 

17.6 

n 

\ : y f. 

15.8 

15.4 

1C. 7 

-7.7 

-.5 

17.1 

15.6 

14.8 

10.9 

-8,7 

"1.1 

ls7 

14.  A 

15.3 

14.6 

li.3 

-10. .0 

-!r6 

16.7 

15.1 

13.3 

1 7 

}.  J ti 

-9.0 

-1.3 

n s 

a J r - 

14.9 

13.1 

lUl 

iV  ^ A 

-2.3 

l*^  ■ A 

14.6 

12.7 

10.9 

-10.3 

/.  ^ J 

15.2 

14' 4 

12.4 

10.7 

-10.1 

-2.3 

14.9 

12  4^ 

14.2 

2i.3 

7'7  7 
a;  . V ' 

-9.7 

9.9 

16.6 

14. r 

14,1 

37,0 

26.0 

_i  0 

V y . 

19.9 

23.3 

ni  L 

A y V 

14,3 

33.7 

2?. 4 

-4.9 

7'  r 

>j7  . 

29.3 

71  L 

w A 4 0 

lA  1 

-.3 

29. S 

-4.5 

7-  n 

X.-'  - J 

30.1 

71  7 

O'. 

16.1 

r / 

??.9 

“u'  i ^ 

36.7 

31.3 

33rl 

16.’ 

r,i 

3?‘0 

7«  r. 

77  ^y. 

17,6 

AT  t L 

« .*  > £. 

w' ^ w 

*“  ■ * 

-2.4 

27,1 

A ♦ 

—i*.'  7 

29,1 

29.0 

18,1 

10.1 

26.1 

T 7 

•J  V . 

25.5 

77  j 

23  r 6 

18,2 

15.0 

n p 

li,  y J 

-5.1 

7.9 

23.9 

21.5 

18.0, 

22.9 

12.3 

-6.7 

3.0 

21.9 

19.6 

17.6 

OV  7 

i ... 

12.1 

*".*  ♦ ’J 

1 

20.5 

18.2 

17.2 

20.3 

11.7 

.-7  7 
/ ♦ ' 

.7 

19.5 

17.1 

16.8 

18.6 

11.4 

,7  0 
' » J 

-.1 

18.7 

1A,2 

16.9 

18. 

12..7 

-■Or  6 

-■.8 

18,0 

15.5 

16.2 

17  n 

ij 

1 n 0 

L 

-1.6 

1 / i 4 

15.0- 

15.9 

16.6 

12.0 

-l.U 

-2,3 

lov? 

14.4 

15.6 

40:'.?  403.6 

-7.4 

9.5 

21.0 

19  rS 

16.0 

HTG'i 

REEl 

P87L  1 

PA8S 

' t ’ 1 1 

rM  _.r.  T 

w '-*•  * 1 

PED 

PEP 

UA'.L 

TE5^ 

CC-;:Ci-|  p 

k . U-u..  • 

U 

' .-n  - 

(C.i 

(C) 

( C ) 

(C.) 

*'  r 'S  ! 

(!=:)  ( 

li 

19.7 

11.4 

15.7 

17,1 

3,7 

7 
» • 

t 

19.3 

lb.  7 

'ice 

xUJ 

16." 

4,0 

rv 

y . 

1 fl) 

HUS 

10,4 

15.3 

16,7 

- . 

, 4 

1.^’ 

18.4 

0 n 
^ ' 

15.1 

16.5 

3.0 

1 :* 

1 

in 

X -7  ^ 'f 

9.5 

15.0 

16,3 

i 7 

1 k " 

1 ^5 

17  i 

C j 

1 i ^ 

4.  A 

■*  1 

7 f: 

i:  i j 

i 1.'  T A 

i f .. 

4.  * ; 

17.2 

0 7 

7 / 

14 » 4 

• f ^ 

i -.I  V ; 

/ 

1:1 

? 

16,8 

8,3 

14,- 

1 r 7 

A l*  7 .» 

4,7 

1 ( 

*1  V V 

16,5 

9,5 

14.3 

15.6 

*fc 

* 

t . 

17.2 

1 r 

A A *■  .' 

14.4 

15.9 

7 r 

r 

y u 

1"  L 

X i J 

14.3 

14-9 

16.5 

3-7 

^7 

v\- 

U',  .7 

1C  7 

17,0 

/ 'll 

i_  j 

iO 

OT  7 

Aw  4 / 

i /,  0 

i ■ ; . 

1 A.K 

1 • .6 

4.] 

.0 

24.7 

17. / 

17,3 

1 9 M 

/ z 

T f 0 

1 

A>v'  T A 

18.3 

17 

i.'  (i. 

18.3 

4,7 

1 * 

X i T 

1 4 

17  0 

17  =■, 

Ip 

i 7 

1 ,1 

1 V 

AT 

11  ‘ , 

i.,  . 

• * - 

23  J 

17.1 

16  -.8 

18.3 

7 . .4 

7 

A V 

22.7 

i 

i i .'  . !• 

1 i , c; 

10  1 
A i 

2.S 

y ■!' 

T 0 

21  iS 

1 r. 

16.3 

18.0 

9 i 

n 

1 1. 

T 1 
L’i. 

2M 

14.1 

16,1 

17.8 

-.3 

Irl 

20-4 

13.3 

15.7 

17,6 

3,5 

y / 

1 ,r: 

10  Q 

-7  1 

12,6 

15.7 

17.4 

i V 

19.3 

12.0 

15,5 

17 ‘2 

1.8 

't 

» A. 

L ‘ A 

18.5 

114 

15,4 

1/  ,v 

,0 

? 

20,3 

13. c 

15.7 

17,1 

3.5 

18.1 

r \ 


Ilf'l 

7 

R 

9 

10 

!1 

12 

1.7 

14 

15 

16 

17 

18 

19 

?*?; 

21 

23 

i.T 

25 

26 

27 

2? 

30 

31 
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TABLE  4 

DAILY  SUI^MAKY  DATA  FOR  DECEMBER 


[liin 

p^jv.-RrA-^i'rP 

S'!4,iA9 

4 F5i3 

Pi2’u4 

3 GP.-t 

* 

* 

S^LA^’ 

l.U  .!■ 

S7G3’;-: 

CTO'Al 

STC-:? 

S'.' 41 

C85C 

F-.SI 

F80''ir 

p;-P9 

LO'J 

H’OH 

HI88 

P'1--.. 

r/.^C'O; 

T.O,'' 

S'OOc  G'ror 

34929 

iiA',  1 

FOGG? 

TitO-iP 
J.:'  »J‘ 

1.088 

TC-/ j 

1 ‘ ' 

TEi-' 

Tr4:> 

TF^i^ 

Tpf-jv 

B-n 

BEH 

PCri 

yA'.c 

Tt'*-' 

S^cEO 

po‘j-: 

/•f 

(Ml 

(M)  iti) 

IhJ) 

( 4:  i ) 

(M) 

(M) 

\hJ) 

(C) 

t'C) 

(Cl 

(Cl 

(Cl 

(Cl 

(C) 

(C.i 

(Cl 

(Cl 

Ri-';) 

/ *- ' 

\ 

) 

325  f 4 

-37,5  6.2 

-7.0 

-lO.l 

,^70  7 

237.4 

27?. 4 

-6.3 

12.6 

14,0 

9., 6 

'■/ 7 

2.0  F / 

10.3 

1 1 ^7 

>, . 4 

9.8 

9,1 

< r 

33E6 

-67 o -24.5 

-17.3 

-20 ‘0 

197.3 

97?. 3 

1,2 

15.5 

16,5 

10:- 2 

07  J 

1 1 C. 

A 1 t J 

17  0 

i 

3.7 

1 1 7 

i . .. 

10.4 

4 . 2 

'>7 

302  ^ 4 

-43.6  -9,9 

-17.2 

-9.4 

-1 

L A 

193,0 

r4.7 

.6,7 

16.4 

17.8 

13,1 

?6.1 

12.7 

15.7 

11.9 

12.4 

1 7 L 

ii- . 

4- 1 

7i 

0 

25.^ 

.0  39,4 

22.3 

23.3 

215.2 

22?. 9 

-4.1 

10.8 

13.3 

10.1 

15.7 

1 ’ 0 

i . i 

13.1 

9-6 

11.8 

12.3 

6 : 6 

f '■)7 

r 
i J 

553.2 

- H 7 _ 1 ^ 

-4,0 

-8.8 

r 0 r, 

v’A  ► •/ 

500.7 

428,5 

i ..  ^ 'j 

13.0 

14.9 

8.5 

23.3 

11,  i 

13,0 

4.2 

1,';  q 

10.7 

4.1 

*9  r 

57.6 

0 

r ’ t .> 

21.5 

93./ 

7 0 

181.1 

283.5 

"6^"- 

8.3 

10.7 

9.9 

13-3 

10.4 

10.6 

4.7 

9,8 

9, 7 

4 1-8 

n 

237.6 

-43.8  -13.0 

-4.2 

—0  7 

-33.3 

123.6 

2?0.i 

-10.5 

11. 1 

12.7 

7,6 

'"/i  7 

1.'-  7 

i 

10,8 

i 7 

U . 

9,5 

8.3 

i -• 

354.2 

.0 

- ! 4 , 4 

-'7.7 

-53.9 

'/1'7  7 
u V 

99/) , 9 

-1.3 

15.3 

16.4 

10.1 

33.0 

11.7 

17  7 

7,4 

10,  S 

1 A . ' 

4.5 

3\ 

♦ ‘J 

70  0 

. ■-■  . J 

4?. 5 

rr  C( 

195;  3 

3’0.4 

311.1 

-2;\i 

5.3 

0 r 

4.9 

1.2.4 

9,6 

9.4 

9,1 

R.8 

7(6' 

7 / 

07. 

J 

527.0 

.O:  -9.2 

_)  7 
1 - 

“ > j 

7 7 r> 
'W  4 

068.5 

2?;5.9 

* I'T  j 

8.9 

3.2 

9'^.i 

0,5 

0 1 

V » • 

_i  1 
. . >. 

-6.8 

4,4 

2.3 

9'7 

/■. 

O')  0 

.0  ”15.6 

_r  7 

-3.1 

•7  0 

4.  ‘ 1 

70.3 

C7  / 

i'.' 

1.2 

}9.7 

9.7 

7.3 

15.6 

0 r 

V. 

n ,<*. 
Ofv 

9,2 

7 1 

1 4 

5 . 9 

3.6 

0 

jlJfO 

rr  /•.  ',7  r 

-36.4 

4 A 

-139.3 

219.8 

4 ' r r 

3 .A  X j 

7.3 

23.6 

19.3 

9,3 

35.9 

10.8 

13.9 

6.3 

0 )£ 

» A' 

8,9 

4,3 

455.0 

-93.7  -12,4 

-25.6 

-4?;.  3 

7.=;  0 

O'/.'-  4 
t •■.  :• 

3.9 

19.9 

?0.1 

12.6 

7'  0 

4 • 

13,1 

17.5 

1(1.6 

11.8 

3,-9 

?/  7 

131.0 

,0  9,0 

3.5 

47.3 

20:  .3 

173.7 

3,1 

15.8 

16,6 

14.3 

9?. 

l-.l." 

16,9 

10.6 

l?-7 

13, i 

3,  4 

1 i 

q 

456.5 

-77.?  -?.3 

-11.3 

^ ‘ 1 
14.  ‘ 

-50.2 

2.70,7 

266,1 

1 1 1 

19.1 

19.1 

12.". 

31.3 
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Figure  1:  Photographs  of  Passive  Solar  Greenhouse 


Exterior  View  Showing  Greenhouse 
Ventilating  Towers  and  Support 
for  Windmill 


(b)  Interior  View  Showing  Duct 
Leading  to  Rock  Storage 
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Figure  6:  Instrumentation  for  Passive  Solar  Greenhouse 


Temperature  = 10. 67 

Average  Velocity  « 5*59  m/eec 
2 

Area  ==  O.O649  ff* 

Plow  Rate  = 21,75 


?’i/^re  7;  Map  of  Air  Velocities  in  Duct  Used  to  Charge  l?ock  Bin 
Heat  Storage 
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Fifrare  11;  Graph  of  Inoide  hverage  Temperature  and  Ranrje,  Ambient 
Temperature  and  Solar  Heat  Input  Hurinp-  December 
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Fi^re  12:  Graph  of  Inside  Average  Temperature  and  hange  ^ Ambient 
Temperature  and  Solar  Heat  Input  Ihiring  January 
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DATA  ACQUISITION  SYSTIII 


A lovj  cost  data  acauiuition  Eyntcin  was  developed  for  solar  perforrnance 
monitoring  and  is  pictured  in  Figoire  1 on  the  following  page.  The 
heart  of  the  system  is  a Radio  Shack  TRS--60  computer  having  a 4K  momoi^'-. 
This  system  has  the  capability  of  40  input  channels  and  is  controlled  by 
a Leve],  II  BASIC  program  which  allov/s  the  user  to  structure  d:ita  sampling 
and  processing  procedures.  Calibration  constants,  error  checks,  scan  rate, 
data  averaging,  printing,  etc.,  can  be  manipulated  usiiig  this  program 
capability.  A.  real  time  clock  within  the  a/I)  converter  chassis  is  used 
to  time  the  data  output  on  the  cassette.  Scanning  at  an  average  ra.te  of 
40  channels  per  five  seconds,  the  data  is  averaged  at  the  end  of  each 
hour.  This  data  is  then  written  onto  the  cassette  recorder  for  processing 
at  a later  time. 

Temperatures  v/ere  measured  using  AD-590  transducers  made  by  Analog 
Devices.  A BASIC  computer  program  vjas  used  \jith  the  data  acquisition 
systera  to  calibrate  the  probes  against  a precision  tliermometer.  The 
absolute  accuracy  of  the  temperatures  measured  is  better  than  0.5°C  ( 1°P’)  , 
v/hile  the  accuracy  of  small  temperature  differences  is  O.l^C  (0.18^F), 

Total  color  radiation  on  the  collector  surface  was  measured  using  a 
silicon  cell  pyranometer.  Tlie  device  was  manufactured  by  the  contractor 
and  is  mounted  in  the  plane  of  the  solar  collector.  The  device  has  been 
referenced  to  NOAA  Standards  v;ith  an  estimated  overall  accuracy  of  5/^* 

Electric  power  is  measured  using  clamp-on  ammeters  calibrated  on-site 
against  the  utility  IdJh  meter.  The  status  of  motors,  dampers,  curtains 
and  fans  is  determined  using  appropriate  relays,  microsvjitches  or  mercury 
smutches. 

Flow  in  liquid  systems  is  measured  using  Horsey  MVR-30  turbine  meters 
which  have  been  interfaced  to  the  DAS.  Flow  in  air  systems  is  mapped  using 
a hot-wire  anemometer  for  a one-time  measurement  to  characterise  the  flow. 
Status  switches  cUid  softv;are  combine  the  one-time  measurements  to  calculate 
appropriate  heat  flow  quantities. 
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Video  display  of 
current  data  scan: 

40  channels,  time,  date 


Keyboard  for 
controlling  system 

(1)  Cassette  for  storing 
data  and  programs 


40  channels  analog 
input,  a/D  conversion 
(12  bit) , real  time 
clock 


— Power  supply  for 
computer  and  a/d 
interface 


12V  battery:  powers 
system  up  to  5 hours 
in  the  event  of  a 
power  shortage 


Figure  1:  Computer-Based  Data  Accpiisition  System 
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NOTICE 

This  report  wa.3  prepared  as  an  account  of  v:ork  sponsored  by  the  Energy 
Division  of  the  Montana  Department  of  Natural  Resources  and  Conservation 
through  the  Alternative  Renev/able  Energy  Sources  Program.  Neither  the  State 
of  Montana,  nor  the  Department,  nor  any  of  their  employees,  nor  any  of  their 
contractors,  subcontractors,  or  their  employees,  malce  any  warranty,  ex- 
pressed or  impliGd,  or  assui.-ics  any  legal  liability  or  responsibility  for 
the  £;ccuracy,  completeness  or  usefulness  of  any  information,  apparatus^  pro- 
duct or  process  disclosed,  or  represents  that  its  use  would  not  infringe 
privately-owned  rights. 


NOTE  ON  UNITS 


The  test  results  in  this  report  are  given  in  metric  or  SI  units. 

This  convention  corresponds  to  current  professional  practice  and  is 
in  accord  with  the  recommendations  of  the  International  Solar  Energy- 
Society  and  most  technical  journals. 

Most  readers  are  familiar  with  the  Celsius  or  Centigrade  temperature 
scale  (°C)  and  v;ith  power  measured  in  kilowatts  (id’/).  The  metric  unit 
of  energy  is  the  Joule  (j).  Most  energy  quantities  in  this  report  are 
expressed  in  megajoules  (MJ)  which  is  10  joules  or  a million  joules 

(1,000  BTU  = 1 kBTU  = 1.05  MJ).  Since  one  MJ  is  about  one  thousand 
BTU*s,  a furnace  with  a rating  of  100  thousand  BTU/hour  would  be  rated 
at  about  100  Mj/hour.  This  approximate  conversion  will  be  useful  to  the 
reader  accustomed  to  thinking  in  thousands  of  BTU. 

Other  abbreviations  included  in  this  report  are:  1 = liters, 

2 

m = meters,  m = square  meters  and  ki'/h  = kilowatt  hours. 


ABSTRACT 

Active  liquid,  tracking,  concentrating  solar  collectors 
were  retrofit  to  a residence  owned  by  William  Kilby  and  located 
in  Great  Falls,  Montana» 

2 

The  collectors  have  an  aperture  area  of  29.7  m and  the  system 

was  designed  to  supply  heat  through  a baseboard  hot-water  heating 

2 

system  to  an  existing  house  having  a floor  area  of  192.5  • The 

tracking  collectors  were  chosen  for  this  system  in  order  to  provide 
the  higher  temperatures  needed  by  the  heat  distribution  system  in 
the  house.  The  collectors  are  located  on  a frame  above  the  ganage 
in  the  back  yard  of  the  house. 

During  the  monitoring  period,  the  solar  collectors  provided 
11^  of  the  heat  requirements  of  the  house.  The  auxiliary  gas  furnace 
provided  55^  electrical  dissipation  provided  The  overall 

efficiency  of  the  collectors  was  about  half  the  expected  efficiency. 
The  outlet  temperature  of  the  collectors  and  the  temperature  of  the 
hot  water  in  the  storage  system  was  often  too  low  to  be  used  by  the 
house.  As  a result,  only  a small  percentage  of  the  solar  heat 
collected  was  delivered  to  the  house,  leading  to  the  low  overall 
solar  fraction.  The  complexity  of  the  system  has  resulted  in  numerous 
failures  and  produced  an  overall  coefficient  of  performance  of  the 
collector  system  of  3.4.  The  specifications  of  the  system  are  given 
in  the  table  below; 


SOLAR  COLLECTOR 

Type:  Active  liquid,  tracking 
Manufacturer:  Northrup  Corp. 
Aperture  Area;  29.7 
Glaaing;  Single,  plastic 
Absorber:  Copper 

Fluid;  50/50  ethylene  glycol/v;ater 
Thermal  Capacity;  .0034  MJ1“^  ^C“‘' 
Flow  Rate;  42,9  1 min~^ 

Tilt:  45° 

Azimuth;  I8O® 


STORAGE  SYSTEM 

Material:  VJater 
Volume;  3.8  m3 
Thermal  Mass;  15.9  MJ 

AUXILIARY  HEAT 

Type:  Boiler 
Fuel;  Natural  gas 

BUILDING 

Type;  Brick 

Floor  Area;  192.5  rn2 

Calc.  Loss  Factor;  O.9I  Ndbr-I 
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1.0  INTRODUCTION 

This  solar  system  was  designed  and  built  by  William  Kilby,  The 
solar  system  was  retrofit  to  an  existing  house  located  in  a suburban 
area  in  Great  Falls,  Montana.  This  system  has  been  in  operation  about 
two  years.  The  system  has  experienced  nvimerous  failures  and  has 
undergone  a number  of  changes  during  the  course  of  its  development. 

The  author  of  this  report  acknowledges  the  interest  and  generous 
assistance  of  Mr.  Kilby  while  monitoring  this  system. 

2.0  DESCRIPTION  OF  THE  HOUSE 

The  Kilby  house  is  shovm  in  Figure  1 and  the  solar  collector  array 
and  its  supporting  framework  are  shown  in  Figure  2.  A floor  plan  of 
the  Kilby  house  is  given  in  Figure  3.  This  is  a single  story  house 
built  over  a full  basement,  is  well  insulated  and  in  good  condition. 

The  calculated  heat  load  of  the  Kilby  house  is  shown  in  Table  1.  The 
overall  heat  load  for  this  house  is  O.9I  MJhr*””!.  The  collectors  have 
a relatively  good  exposure  to  the  sun  as  shown  by  the  shading  diagram  in 
Figure  4»  Some  trees  to  the  east  of  the  collector  array  provide  shading 
during  fall  and  spring  until  about  10:00  in  the  morning.  In  the  middle 
of  the  winter,  tall  trees  located  along  the  street  in  front  of  the  house 
provide  partial  shading  of  the  collectors  until  about  11:30  in  the 
morning. 

3.0  DESCRIPTION  OF  THE  SOLAR  SYSTEM 

The  solar  collectors,  the  associated  mechanical  equipment  and  the 
heat  storage  sire  located  in  the  garage  about  15  m from  the  house.  Figure  5* 
Hot  water  from  the  solar  system  is  circulated  to  the  house  through 
underground  pipes.  Figure  6 shows  a schematic  of  the  solar  system.  A 
bank  of  32  tracking  Northrup  collectors  collect  solar  heat  in  a liquid 
solution  of  50?^  v/ater  and  5<^  ethylene  glycol.  This  solution  is 
circulated  by  a collector  piimp  through  a heat  exchanger.  Water  circu- 
lates through  the  other  side  of  the  heat  exchanger.  This  solar  heated 
water  can  be  circulated  (a)  directly  into  the  house,  (b)  into  solar 


storage  and/or  (c)into  the  domestic  hot  water  preheat  tank.  The 
differential  thermostat  which  controls  the  collector  pump  also  controls 
the  circulation  pump  in  the  storage  loop. 

The  furnace  has  a thermostatic  valve  which  is  controlled  by  the 
temperature  of  the  solar  storage.  If  the  temperature  of  the  storage  is 
high  enough  and  the  house  thermostat  calls  for  heat,  the  house 
circulation  pump  turns  on  and  draws  solar  heated  water  from  the  storage 
tank  and  circulates  it  through  the  baseboard  units,  Figure  6.  Figure  7 
shows  the  auxiliary  gas  boiler  and  circulation  pump.  Figure  8 shows  the 
domestic  hot  water  preheat  tank  and  Figure  9 shov/s  the  solar  collector 
to  storage  loop  heat  exchanger. 

4.0  INSTRUMETJTATION 

The  data  acquisition  system  is  described  in  Appendix  II.  The 
location  of  measurement  probes  is  shown  in  the  schematic  in  Figure  6. 

The  collector  loop  contains  a flow  meter  and  a temperature  probe 
measuring  the  outlet  collector  fluid  temperature  at  the  heat  exchanger 
and  the  return  temperature  to  the  solar  collectors.  The  collector 
circulation  pump  is  instrumented  v;ith  a status  relay. 

Solar  radiation  was  measured  with  a fixed  radiometer  in  the  plane 
of  the  collector  array.  A second  solar  radiation  transducer  was 
attached  to  the  face  of  one  of  the  tracking  collectors  to  measure  the 
actual  radiation  in  the  plane  of  the  tracking  collector  as  it  follows 
the  sun. 

The  solar  storage  loop  has  three  flow  meters:  One  flow  meter  measures 
any  flow  through  the  heat  exchanger,  a second  flow  meter  measures  flov; 
through  the  house  circuit,  and  the  third  flow  meter  measures  the  flow 
through  the  domestic  hot  water  preheat  tank.  A fifth  flow  meter  was 
installed  in  the  cold  water  inlet  to  the  domestic  hot  water  preheat  tank  to 
measure  hot  water  usage. 

In  the  storage  loop,  temperature  transducers  are  located  at  the  inlet 
and  the  outlet  of  the  heat  exchanger,  at  the  inlet  to  solar  storage,  at 
the  inlet  and  outlet  of  the  domestic  hot  water  preheat  tank,  and  at 
the  inlet  and  outlet  to  the  house  heat  distribution  system.  Temperatures 
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are  also  measured  in  the  domestic  hot  water  circuit.  One  probe  measures 
the  cold  water  inlet  to  the  preheat  tank,  a second  probe  the  outlet 
from  the  preheat  tank,  a third  cuid  fourth  probe  measure  the  inlet  and 
outlet  temperatures  of  the  domestic  hot  water  auxiliary  heater,  located 
in  the  house.  The  solar  stora^  was  instrumented  with  three  probes 
taped  to  the  surfaces  of  the  storage  tanks  and  insulated.  These  probes 
measure  the  average  storage  temperature. 

Figures  10  and  11  document  the  locations  of  the  probes  in  this 
system  as  well  as  calculated  parameters  stored  in  the  computer  system. 

All  of  the  flow  meters  were  connected  directly  to  the  data  acquisition 
system,  with  the  exception  of  the  flow  meter  in  the  collector  loop.  This 
meter  was  read  periodically  by  Mr.  Kilby.  These  readings,  in  conjunction 
with  the  total  hours  that  the  pump  was  on  in  the  collector  circuit,  allowed 
us  to  calculate  an  average  flow  rate  in  the  collector  loop.  Table  2 
reproduces  the  log  of  these  flow  meter  readings.  The  average  collector 

.4 

flow  was  42.9  1 min  (679*7  gal/hr). 

The  computer  based  data  acquisition  system  was  programmed  to  take 
the  readings  of  the  flow  meters  during  each  scan  and  multiply  them  by 
the  appropriate  temperature  differences  and  specific  heats  to  calculate 
the  heat  added  or  taken  from  each  element  in  the  system.  The  collector 
efficiency  was  also  calculated  on  line.  These  calculated  values  are 
discussed  in  detail  in  Figures  10  and  11. 

5.0  DATA  ANALYSIS 

All  the  hourly  raw  data  was  compressed  and  summarized  in  the  format 

of  an  Hourly  Performance  Summary  shovm  in  Table  3.  In  this  Table,  the  first 

—2 

colximn  chows  the  solar  radiation  (kW-m  ) in  the  plane  of  the  collector 
array  as  measured  by  the  tracking  transducer.  The  second  column  shows 
the  total  solar  radiation  striking  the  collector  array  and  the  third 
columri  lists  the  net  heat  output  of  the  collector  array  (calculated 
using  the  flow  rate  and  temperature  difference  across  the  heat  exchanger 
on  the  collector  side) . 

The  next  three  columns  show  the  distribution  of  the  solai’  heat  that 
was  collected.  Solar  heat  can  go  into  the  domestic  hot  water  heat 


4 


exchanger  (SOLAR  DHWX),  into  the  main  solar  storage  (SOLAR  STORE) 
or  directly  into  the  house  (SOLAR  HOUSE).  Auxiliaiy  heat  from  the 
gas  boiler  going  into  the  house  is  listed  in  the  next  column  (aUX 
HOUSE) . 

The  energy  inputs  into  the  house  consisted  of  SOLAR  HOUSE,  AUX  HOUSE 
and  average  electrical  dissipation  into  the  house  (from  utility  meter 
readings).  VJhen  added  together,  these  inputs  form  the  column  labeled 
SUI4  INPUl',  which  can  be  compared  to  the  next  column,  HOUSE  LOAD. 

HOUSE  LOAD  is  calculated  from  the  house  conductive  load  factor 
multiplied  by  the  current  temperature  difference  between  the  inside 
and  the  outside  of  the  house. 

The  next  four  columns  show  the  temperature  of  the  mechanical  room, 
the  temperature  of  the  heat  storage  tanks,  the  ambient  air  temperature, 
and  the  house  air  temperature,  in  degrees  Celsius.  The  next  column 
is  labeled  DELTA  STORE.  This  quzmtity  is  computed  by  taking  the  hourly 
temperature  difference  of  the  heat  storage  and  multiplying  it  by  the 
thermal  mass  of  the  entire  storage  system.  The  next  coliimn,  STORAGE 
LOSS,  v;as  calculated  using  an  experimentally  determined  overall  heat 
loss  factor  multiplied  by  the  mechanical  room  temperature  minus  average 
storage  temperature.  The  final  column  is  labeled  AUXILIARY  POV/Eli  and  is 
the  electrical  energy  used  to  run  the  piimps  and  equipment  necessary  for 
operation  of  the  solai’  system. 

Looking  at  Table  3f  vje  can  see  that  some  solar  radiation  is  falling 
on  the  collector  betv/een  8; 00  and  ^:00  and  that  the  collectors  turn  on 
and  begin  to  deliver  heat  betv/een  95  00  and  10:00  a.m.  The  collectors 
operate  continuously  until  about  an  hour  before  sunset  when  the  circula- 
tion pump  turns  off.  Looking  at  the  SOLAR  HOUSIO  and  AUX  HOUSE  columns, 
v/e  see  that  until  8:00  a.m.,  heat  was  being  supplied  to  the  house 
entirely  by  the  auxiliary  furnace.  At  this  point,  the  house  begins  to 
use  solar  heat.  About  an  hour  after  sundown  the  system  switches  back  to 
the  auxiliary  heat  mode. 

The  bottom  line  of  this  Table  shov;s  the  daily  totals  of  the  energy 
quantities  and  the  daily  averages  of  all  temperatures.  During  this  day, 
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a total  of  931  MJ  of  solar  radiation  was  available  to  the  collectors. 

A total  of  278  MJ  was  collected  by  the  system  and  delivered  to  the 
heat  exchanger.  Solar  heat  totaling  225  MJ  was  delivered  to  the  solar 
storage  system,  of  which  about  lOfo  was  lost  during  the  day.  A total 
of  54  MJ  of  solar  heat  was  delivered  to  the  house  during  this  24-"hour 
period,  and  I7I  MJ  of  auxiliary  energy  was  used  in  the  house.  Hourly 
data  for  the  entire  monitoring  project  is  listed  in  Appendix  I in  this 

format. 

A monthly  summary  of  the  daily  totals  and  averages  for  the  entire 
monitoring  period  are  given  in  Tables  4i  5 information  in 

these  Tables  give  a picture  of  the  performance  of  this  system  at  a 
moderate  level  of  detail.  Notice  that  after  the  first  week  of  operation, 
zeroes  appear  in  the  column  under  solar  domestic  hot  water  exchanger. 
This  is  because  the  tank  developed  a leak  and  was  removed  from  the 
system.  Late  in  March  there  are  also  many  zeroes  in  the  collector 
output  column.  These  zeroes  appear  because  the  system  was  turned  off 
due  to  leaks.  Table  7 is  an  overview  of  some  of  the  system  failures 
during  the  monitoring  period,  and  is  a helpful  aid  to  understanding  the 
data  tables. 

This  data  is  further  summarized  in  Table  8,  v;hich  gives  monthly 
totals  and  overall  totals  for  the  entire  monitoring  period.  Table 
8 shows  that  during  the  monitoring  period  11^  of  the  heat  required  by 
the  house  was  supplied  by  the  solar  system.  Electrical  dissipation 
accounted  for  34^  and  the  auxiliary  natural  gas  furnace  provided  55^* 
During  the  monitoring  period,  the  collector  array  intercepted  a total 
of  about  42,000  MJ  and  delivered  about  11,000  MJ  to  the  heat  exchanger, 
for  an  average  overall  efficiency  of  26^.  Of  the  11,000  MJ  collected, 
only  2,800  were  actually  delivered  as  useful  heat  to  the  house,  fhe 
system  required  8l6  MJ  of  electric  energy  for  operation,  giving  an 
overall  coefficient  of  performance  of  3»4. 

6.0  GRAPHICAL  PRESEtJTATION  OF  RESULTS 

Figures  12  and  13  contain  graphs  of  a portion  of  the  hourly  data 
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covering  a period  of  10  dayo.  These  curves  show  solar  radiation 
intercepted  by  both  the  stationary  radiometer  and  the  tracking 
radiometer.  The  ambient  temperature  and  the  temperature  of  the  solar 
storage  is  also  graphed.  The  top  two  curves  on  these  graphs  show  the 
status  of  the  solar  collector  pump  and  the  mode  of  the  house  heating 
system.  (When  the  auxiliary  heating  system  is  in  the  solar  mode  it 
can  withdrai/  heat  from  solar  storage.) 

The  variations  of  the  temperature  of  the  solar  storage  reflect 
periods  when  the  solar  collectors  are  adding  heat  to  the  storage  as 
well  as  periods  when  the  house  is  extracting  heat  from  the  storage. 

Note  the  relation  of  the  bumps  and  dips  in  storage  temperature  to  the 
status  of  the  collector  pump  and  the  status  of  the  house  mode.  These 
hourly  graphs,  in  conjunction  with  the  Tables  of  Hourly  Data  in 
Appendix  I,  depict  the  dynamics  of  the  workings  of  this  solar  system 
in  great  detail. 

Figures  14  and  15  are  graphical  presentations  of  daily  summary  data. 
The  daily  average  temperatures  of  the  house,  the  ambient  air  and  the  solar 
storage  are  shov;n.  The  bottom  part  of  these  graphs  is  a bar  chart 
showing  the  solar  radiation  available,  the  portion  of  the  solar  radiation 
collected,  and  the  portion  of  the  solar  heat  delivered  to  the  house. 

These  graphs  should  be  studied  in  conjunction  with  the  complete  data 
given  in  Tables  4 and  6.  One  point  noted  from  these  graphs  is  that  the 
temperature  of  the  storage  during  cold  v/eather  averages  around  40°P  or 
below.  This  temperature  is  v/ell  below  the  temperatures  needed  by 

the  baseboard  heating  system  in  the  house. 

7.0  COMPAEISON  OF  SYSTB!  PERFORIIANCE  TO  F-^HART  /JIALYSIS 

Table  9 chows  a comparison  of  solar  radiation  measured  at  the 
Kilby  site  and  at  the  *SIKM  Station  located  in  Great  Palls  at  C.M. 

Russell  high  school.  This  radiation  is  measured  on  a 60®  tilt.  V/hen 
transformed  onto  a 45®  tilt  (the  slope  of  the  Kilby  collectors),  the 
SBM  values  agree  quite  closely  with  the  values  measured  at  the  Kilby 
site. 

Solar  radiation  data  from  the  SIM  data  base  was  used  in  conjunction 

^Solar  Jr.solai  ion  ] icasurement  I'lcntana  (another  DiiR6-,C  progrcjn) 
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with  long-term  temperature  data  as  input  to  an  f-chart  analysis  for 
this  system.  The  collector  efficiency  data  for  the  Northrup  collectors 
was  input  into  this  design  analysis.  While  the  f-chart  analysis  is  not 
specifically  tailored  for  these  tracking  collectors,  it  is  presented 
here  to  provide  some  guidelines  on  performance  prediction  for  this 
system.,  see  Table  10. 

The  calculations  predict  an  annual  solar  fraction  of  The 

average  environmental  temperature  and  solar  radiation  data  used  in  the 
f-chart  prediction  compare  tolerably  well  with  the  actual  solar  and 
environmental  data  during  the  monitoring  period.  The  f-chart  prediction 
shows  that  these  collectors,  operated  in  the  non-tracking  mode,  should 
have  converted  50^  of  fhe  solar  radiation  striking  them  into  useful 
heat.  The  performance  data,  however,  showed  that  the  actual  tracking 
collectors  only  delivered  26^^  overall  efficiency,  or  about  half  of  the 
expected  efficiency. 

In  the  reference  sho^^m  in  the  footnote  below,  there  is  a discussion 

2 

of  a system  instrumented  "ty  the  University  of  Texas  which  used  1280  ft 

of  Northrup  collectors  on  an  apartment  building.  Measured  collector 

efficiencies  were  605^  of  the  manufacturer’s  performance  curves.  This 

was  due,  in  part,  to  tracking  errors.  Tests  of  a single  collector 

shov/ed  performance  of  30^  below  the  manufacturer’s  recommended  performance 
1 

curve, 

8.0  CONCLUSIONS 

The  monitoring  results  from  this  project  showed  a relatively  low 
solcir  collector  efficiency  despite  the  utilization  of  a complex  tracking 
and  control  system.  Only  a small  fraction  of  the  solar  heat  collected 
v;as  eventually  delivered  to  the  house.  This  deficiency  is  primarily 
related  to  the  low  operating  temperature  of  the  solar  system,  vjhich  is 
not  well  matched  to  the  high  temperature  requirements  of  the  heat 
distribution  system  of  the  house. 

Records  of  utility  consumption  and  degree-day  data  are  included  for 
reference  in  Tables  11  and  12. 

1 Proceedings  of  the  Annual  LOji)  Active  Solar  Heating  and  Cooling  Contractors’ 
Revievf  Meeting,  March  26-28,  I98O,  ’’Active  Heating/Cooling  Systems  Support” 
by  Charles  Bishop  from  SLRI,  page  8. 
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TABLE  1 

KILBY  ROUSE  HEAT  LOAD 


R 

u 

Area 

U X . 

(Btu/hr  ft^  ®P) 

(Bq.  ft.) 

Ceiling  & Roof 

52.49 

0.019 

2072 

39 

East  Walls 

14.88 

0.067 

891 

60 

West  Addition 

13.03 

0.077 

623 

48 

Windows 

1.72 

0.580 

205 

119 

Basement  Walls 

*60 

0.017 

1654 

28 

Basement  Floor 

*80 

0.012 

2072 

26 

Basement  Windows 

1.72 

0.580 

20 

11 

**Infiltration: 

16576  ft^  X 

i X 0.18 

149 

4B0  Btu/hr”^ 
or 

0.91  Mj/hr“** 


^Equivalent 

**ABBuming  air  change/hour 


) 
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TABLE  2 

LOG  OP  FI.OW  IN  COLLECTOR  LOOP 


M /d 

HOUR 

METER  READING  TOTAL  PLOW 

ON  TIME 

AVERAGE 

FLOl'I 

(gal  X 10”^)  (gal.) 

(hr.) 

(gPh) 

(1pm) 

3/  5 

17 

000754 

3/  6 

3060 

4.71 

650 

41 

19 

001060 

3/  7 

2260 

3.47 

651 

41 

18 

001286 

3/lO 

1230 

1.91 

644 

40.6 

18 

001409 

3/l4 

14230 

21.48 

662 

41.8 

16 

002832 

3/15 

1560 

2.1 

743 

46.9 

18 

002988 

3/22 

6900 

9.87 

699 

44.1 

16 

003678 

3/23 

2060 

4.64 

444 

28 

18 

003884 

* 

* 

¥r 

* 

4/  3 

20 

004187 

4/  3 

6640 

10.03 

662 

41.8 

18 

004851 

4/  6 

2910 

4.28 

680 

42.9 

19 

005142 

* 

* 

* 

* 

4/10 

8 

005694 

4/11 

1880 

3.24 

580 

36.6 

19 

005882 

4/12 

5640 

8.6 

656 

41.4 

20 

006446 

4/13 

4980 

7.43 

670 

42.3 

19 

006944 

4/14 

2740 

4.19 

654 

41.3 

19 

007218 

4/17 

13340 

24.79 

538 

33.9 

19 

008552 

TOTALS  69430 

102.15  AVG. 

679.7 

42.9 

♦Missing  Data  and  Leaking 
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TABLE  3 

SAMPLE  OF  HOURLY  DATA  AITD  DAILY  SUMMARY 


iMlLI  rC.r\rL;.‘>.rii.-j^r-  O'Jn'TiA)  | nc  IMLM  nJjoc.  V iJ/OJ 


}R 

SuUn 

OJUH'* 

COLL 

30Lm7 

A A‘  « r, 

OJLH^ 

AA-  4 A 

•OU'-HT 

HJA 

S'Ji-! 

t IA»  lAA 

nJuoc 

»/r-.n. 1 

ri.oLn 

A*r  AA.A 

01  y.^L 

a T.*r 

Hnol 

nuu'oc 

I'ELTh 

oTuRE 

mIIa 

Iri'SX 

^ » ir,i  I T 

ir;-Ui 

GjTP'JT 

DHyx 

Oiu.-'.C 

fiOOoc. 

nyUTo 

IflPOT 

1 niv 

LUrfii 

ROOri 

TEit? 

TEir 

TEftP 

AT  Ar-.A 

0 1 JuL 

L0o3 

r.Ar  fr*A 

r u»rj". 

(i(ki;i-2) 

( rlJ ) 

( rij ) 

(nJ) 

( IT.)  ) 

(ni) 

( rU) 

( fl  J ) 

( nJ ) 

/At 

(C) 

(C) 

(C) 

( l4J  ) 

( flJ  / 

( f'l  J } 

4 

i 

.0 

*0 

.0 

♦ 0 

*0 

*0 

8*6 

13*6 

13*2 

24*4 

31*3 

6*0 

22*3 

“1*3 

"1*1 

*0 

2 

.0 

*0 

*0 

♦ 0 

♦0 

,0 

6*8 

4 4 rt 
11*0 

13*4 

23*7 

1-4  A 

J1  */ 

*-  1 
J*/ 

AA  f 

4vl>0 

"1*0 

"1*1 

*0 

3 

*1' 

ft 

♦u 

*0 

.0 

*0 

*0 

12*3 

17  *3 

13*3 

/O  * J 

31*1 

3*6 

22*7 

"1*3 

4 A 

"1  */ 

♦0 

4 

♦0 

#0 

*0 

*0 

♦0 

♦0 

7*2 

4 / /% 

It*/ 

13*3 

23.1 

31  *0 

3*3 

//*■.) 

"1*3 

4 A 
"1*/ 

.0 

r 

j 

lO 

*0 

*0 

.0 

♦ 0 

.0 

10*4 

13*4 

13*7 

22*7 

30*7 

3*3 

AA  A 

//>  J 

"1*3 

"1*2 

♦0 

1 

0 

lO 

,0 

*0 

*0 

*0 

*0 

10*4 

13*4 

13*3 

AA  1 

//*t 

30*3 

3*1 

A A A 

J 

"1*6 

"J.  */ 

A 

.y 

7 

iC' 

2*1 

.0 

*0 

♦ 0 

♦ y 

13*1 

18*1 

14*3 

AA  A 

<2<lf  £ 

30*7 

6*7 

AA  A 

J 

"1*4 

4 A 

"1  */ 

♦0 

3 

n 

«A 

24*6 

*0 

*0 

*0 

.0 

6*4 

11*4 

1/*/ 

c/.t-  L 

30  *6 

7*3 

AA 

//*/ 

"1*3 

4 A 

"i*/ 

*0 

f 

♦4 

SC**  1 

*0 

*0 

-1*2 

1*2 

4*3 

10*6 

9*7 

AA  'I 
t) 

Ji/«U 

11  *3 

AA  f 

”j.  lO 

4 A 

1*4. 

•3 

d a 

11' 

♦7 

101*6 

21*7 

A 

*y 

4 *\  1 

10*0 

3*6 

*0 

A f 

0*0 

7*3 

A-t  A 

£Ov4l 

47f? 

14  *4 

22*6 

"10*2 

"1*1 

1 *3 

4 « 
11 

.7 

111  *7 

46*7 

*0 

44*3 

A f 

i*0 

*0 

7 *6 

3*0 

i 

47*7 

17  *3 

AA  A 
//*0 

"*0 

"1*0 

1 *7 

i2 

liO 

110*0 

4/*l 

A 

♦ y 

44*7 

n A 

*0 

-T  4* 

/ */ 

3*1 

26.7 

31*7 

4 A r* 

1/  * J 

22*7 

32*0 

"1  *0 

1*7 

13 

1*0 

4 A A n 

l*Jl  *0 

41*6 

lO 

37*3 

1*S 

♦0 

' 0 
0*0 

1*6 

23*1 

33*7 

A4  A 

/X  */ 

AA  A 

//*r 

31*7 

-1*1 

1*7 

A 

>1 

i.  iJx.  f 0 

tfA  4 

t>‘3 » i 

A 

♦y 

33*3 

2*7 

*0 

7*7 

*4 

27*2 

33*7 

AA  f 

//<  t 

AA  A 

//♦O 

27*0 

"1*1 

1*7 

ij 

*7 

A » A 

27*6 

*0 

26*/ 

*7 

*0 

A A 

J*7 

*4 

27*6 

r-  * A 
JOvO 

AA  / 

//  *0 

23 1 '0 

17*6 

"1*1 

1 *7 

J2 

ij 

4 

03 1 1 

2S . 3 

*0 

27*0 

1*0 

*0 

0*8 

A 

30*0 

37*7 

nn  7 

Aft  A 
//*? 

16*3 

"1  *2 

2*0 

4 ^ 

Il- 

*0 

73*7 

20,6 

A 

.y 

10*7 

7*7 

A 

*y 

14*7 

*3 

27*7 

33*3 

AA  « 

iil*'*!' 

22*7 

6*0 

"1*3 

a A 

i */ 

ls 

A 

f ^ 

3j*7 

3*3 

*0 

1*3 

-f  A 

0*7 

.0 

A A 

0*7 

*3 

27*7 

AA  A 

JO  i il 

22*7 

AA 

/O  * 0 

"*<j 

"1*0 

*5 

17 

♦0 

4*1 

A 

,y 

A 

*y 

A J f 

-il*0 

21  *6 

*0 

26*6 

a ** 

i*/ 

27*7 

33*1 

/i  * J 

23*3 

"1*7 

"1*0 

*4 

2? 

♦0 

A 

♦y 

*0 

*0 

-♦2 

A 

* A 

7*7 

13*1 

3*4 

27*7 

33*1 

17  *3 

/O  it 

"*0 

"1*0 

*0 

.::i 

.0 

*0 

*0 

*0 

*0 

*’J 

17*8 

24.3 

A A 

0*  J 

A 

/'  */ 

r-A  a 

j3*y 

14  *3 

AA  f 

/O.O 

n 

*7 

"1*0 

*y 

22 

.0 

lO 

*0 

tO 

*0 

♦ t/ 

17*7 

24*7 

10*0 

30*0 

1 — ' A 

J/  *7 

12*3 

23*3 

"1*0 

"1*2 

*0 

23 

*0 

A 

*y 

*0 

*0 

*0 

♦0 

.:y.l 

23*1 

1 i * 0 

A A 1 

/7*0 

37  *3 

10*7 

23*1 

"1*4 

"1  */ 

♦y 

0 

♦0 

*y 

•0 

*y 

*0 

♦ (/ 

A A A 

41/  1 j 

f- 

//  * J 

12*2 

27*2 

r "» 

J/  *0 

7*6 

23*0 

"1*1 

"1  * / 

• 0 

/ 

731  *0 

273.1 

•0 

223*7 

A A rv 

Ja*a 

171  *4 

343*6 

r77„3 

A f 4 

/0*i 

34*1 

13*8 

A A A 

i,jL*7 

101*7 

"23*0 

13*6 

12 


TABLE  4 

DAILY  SUMMARY  DATA  FOR  MARCH 


IMIL  1 rCfiruAflrliiOC.  Ouililrir 

V FOR 

inc  i\ii_oi  huujc 

^ ryi  , 

.lOLK'\ 

Sui-AR 

CCLI. 

SOLhK 

SjLhR 

jOlAR 

HuX 

3jiI 

1 »n. 

rijooc 

ilOCH 

A\*r  AVX-.^ 

0 i Otiu. 

hXST 

Hju3c 

r.r-v  T * 

JGLIrt 

AV>'A>A.A 

D ' Jr,r 

b'Jj\ 

I iiSuL 

I HR  ill 

uJTf-'uT 

23114 

STuRc 

HuOoE 

1 )/■.'  lA.r- 

nJuoc. 

IHF'uT 

Lu.-iu 

RuJii 

TEiiR 

1 L.I  i.' 

Tciir 

AV^  A.a.  A 

D 1 ur.c 

LOSS 

A,<-.  .f-A, 

r vJrtur* 

[f.«n-2) 

( fi  J ) 

( nJ  ' 

( il  J ) 

( iIJ  / 

( ri'j ) 

( liJ ) 

( liJ ) 

( 1 IJ  / 

(C) 

* n % 

\ G / 

( C ) 

( C / 

( i IJ ) 

( I'l  J } 

( i iJ  } 

1 

{iU 

. J 

103,4 

22.0 

36.3 

.1 

111.3 

161.4 

196.3 

20.1 

33.3 

1 . 1 

22 . / 

67.3 

“ J 4 / 

9.3 

»» 

i 

4»1 

470.1 

104,2 

43.3 

43.4 

17.  J 

262.  J 

400.0 

406,4 

< -t  n 

i/  40 

34.2 

1 .7 

22.6 

10.6 

“16.4 

10.3 

3 

^ » J 

llj.O 

.0 

.0 

.0 

.0 

703.1 

3ilo  1 1 

/ Ol.  4 V 

15.1 

34.4 

*13.3 

AV  n r- 

^i:04  J 

* 

“iG./ 

“16,2 

.0 

1 (2 

133.6 

.0 

.0 

.0 

.0 

923.0 

4 A / -f  A 

i 0 4 V 

396.4 

17.3 

00  4 i. 

- i U . 

xl  .C  4/ 

“ i 7 f /■ 

“ 1 J 4 4 

4 V 

j 

3>  j 

007  . J 

.0 

1.1 

-1.1 

.0 

nf”A  A 

7 JJ.U 

1070.0 

3'rJ.4 

4 0 Al 

104^ 

31.9 

-ja . i 

2240 

”17  42 

-AO  4/ 

.3 

0 

c*4 

742.1 

196.0 

j3.4 

130.0 

7 .J 

792.9 

rv«  A 1 

640.0 

1/.4 

33.4 

-6.  J 

AVAv  fy 

^C40 

30. 1 

“16,0 

13,2 

7 

4.? 

4°1 .7 

72.6 

rv  ^ 

fc’O*  7 

43.6 

.0 

613.9 

/■  J u . 7 

600 . 7 

17.7 

36.0 

-4.6 

“3.0 

-AO  4 0 

Ji  t AV 

AO  4 0 

A 

0 

0 4 J 

rvAv  ^ 

07  .0 

4.3 

-7.6 

lo.  0 

.0 

j06 . 7 

626.7 

J JO . 0 

4 r-  Ai 

iJiO 

33.4 

“i 

AVAN  A 

L-tL.  4 M 

*‘004i 

"A  / 4 0 

iJ  4 0 

? 

2.1 

66.7 

.0 

.0 

-.3 

391  .J 

jii  ./■ 

433.4 

16.1 

33.1 

3.0 

23.1 

“1  J.  1 

— A / 4 V 

.6 

iU 

3.3 

-f  J ^ n 

vKlcIfV 

33.2 

47.3 

-16.3 

ry 

-44  rt 

0/140 

492,0 

^^0x1  4 7 

4 AV 

J / .i 

30.9 

1 .7 

AIA\  AV 

4 7 

"43.3 

“10.7 

9.4 

11 

4.6 

4S7.6 

0/./ 

119.4 

-34.9 

j.l 

297 . 1 

422,3 

362.9 

4 A*  ry 

iu.,: 

rvn 

G7  (•/ 

0 4 0 

f 7 

-1  j,6 

“11 .3 

13.2 

12 

J.O 

0 JJ  k 7 

176.4 

39.3 

.0 

40  J.  3 

l-AVf- 

Ji  J , 0 

4/  , w 

1/  ./ 

AlAV  -W 

iT./ 

1.2 

nA\  AV 

i£.0 

‘Jt.  J 

“12.0 

iJ  4/ 

13 

6.0 

r- 

OOJ « J 

iCJOf/ 

69.  J 

-*n  -t 

/o./ 

^r-rv  J 

J J7  . 1 

4 0 

4 0 

4 7A  A* 

iu.O 

OJ.  J 

r\  r\ 
4.4  0 

^.C4  0 

91.3 

"14.7 

26,2 

li 

J.O 

J^otJ 

J “T4  / 

1 Ji  I't 

.1 

24.1 

107.2 

232.7 

4j4.S 

J.'  G . j 

J AV  ! 

17  tt 

00  4 \J 

4.4 

AVAV 

J 

jj.-^ 

“A  / 4 7 

id*  *4 

Ij 

4.J 

447.6 

34.0 

.3 

^^AV  Al 
<1^ . 0 

60.9 

i'  7 . 7 

460.3 

J JJ. . J 

13.2 

JT  . J 

-.1 

22.9 

.3 

“21 . 1 

/ 

A 1 

iC 

C.S 

o6j.3 

213.6 

.0 

97.4 

121.1 

294 . 0 

j3j.  1 

# A.  AV 

‘t/O.O 

4 A\  A 

i7.V 

^■J.o 

-.3 

i-i-kO 

30(9 

“ii  40 

19.9 

17 

2.3 

jjt4 

A 

tV 

.0 

.0 

.0 

JJO  ./ 

62a.  7 

07  0 40 

4 f AV 

iO.D 

40.  J 

i3  4 0 

AV  * Ai 

xlJ  fO 

-22 . 9 

■'i047 

CO 

6.1 

164.2 

.0 

.0 

♦ 0 

.0 

AAVA  -* 

t/U./ 

410,7 

34040 

17.1 

07  t i 

J 4 0 

21.3 

-21.7 

— ii  4 V' 

(0 

11 

jI  t J 

fj  t . / 

.0 

.0 

♦ 0 

.0 

fcO'O  4/ 

400.7 

431.9 

16.6 

37.7 

1 40 

21 .3 

"i-f  4 i 

"ii  4 i 

.0 

7 f2 

212.  J 

.0 

.0 

.0 

.0 

J i 

O*.!  4 

441.4 

0 “ 1 4 / 

17.0 

36.2 

3.7 

21.7 

"^il  i4 

A *-0 

.0 

21 

2.3 

97  .J 

.0 

♦ 0 

.0 

.0 

Ai  # »-*  r 

i^74j 

36t  . J 

474.9 

16.  J 

34.3 

4A 

22.0 

“iO  4 i 

“10.  J 

.0 

7.3 

221.7 

i « J 

A 

♦ V,’ 

1.4 

. 1 

221 . J 

OVi  4 J 

402.3 

16.9 

3i; . J 

3.6 

it.  4 V* 

“67.3 

"J  JtO 

1 4l 

23 

Jt7 

0*2/  4 i 

1j3,6 

♦ 0 

IjI.o 

* n 
OiO 

Ijo.O 

234,7 

TO  • * 

07  0 1 i 

17.3 

JJ . i 

4.1 

ii  4 i 

i 'w'i  4 / 

" A J 4i 

A 0 4 i 

2^ 

r.  A 

^.7 

rv  / 

uO 

.0 

♦ V 

.0 

♦0 

317 .2 

/ -*  •*  rt 

YO/  4x1 

^7040 

4 t AV 

iU47 

0 J * / 

^ 4/ 

Avr^  A 

ii  4 \J 

"104^ 

-J  0 4 7 

fO 

23 

2.0 

^JU  4 J 

,0 

.0 

.0 

A 

. J 

^•^4  -f 

0/  1 4/ 

491.7 

jja . 0 

17.0 

34.6 

“xl40 

AVAX  A 

id  4*0 

“13,3 

“17.6 

6,9 

4 “*  n 
1/  .0 

0^4  0 

1 .1 

ii  4 0 

0/  4-r 

■•>2  4 4 

A J 4 0 

27 

» i 

.0 

.0 

.0 

♦ >/ 

.0 

33.3 

j3.3 

C'G . J 

17  40 

0^  4 \/ 

AV  AV 

xl  fr  0 

t\r\  J 

ii  4 i 

0 -J  t »J 

4 J 

4/ 

2o 

/ ♦/ 

7S7 .3 

1.  J 

.0 

-l.j 

3.0 

20  J.O 

Ai 

j,;/ . 7 

390.4 

1 / 4 

33 . 4 

4 .2 

id  4 j. 

*"10  4 / 

"AC  4 1 

4 i 

2? 

jt4 

j33 . 7 

.0 

.0 

.0 

♦ V 

36  J,  2 

OOv*'  4 o 

lo  4 / 

0:lf  0 

0 4 0 

22.3 

it  ^ 

’*iu  4 7 

“ 1 J 4 / 

.0 

O'J 

1.6 

4 r J*.  ^ 

iJOtO 

.0 

♦ V 

.0 

♦ 0 

314.9 

434.9 

499.6 

16.0 

Oi  4 

-.6 

/n  AV  -t 

id  4 0 

“ i / 4 0 

' i -f . J 

4 V 

31 

rt  •» 

i.O 

126.3 

.0 

.0 

♦0 

.0 

411.0 

i-rv  r 

OjCO  I '.J 

j0j,3 

16.3 

^ A A\ 

JJ  i 0 

-1 .7 

22.4 

“16,2 

-Ai  4 C» 

4 V 

* Domestic  hot  \/atcr  preheat  tank  hOi^ins  to  leak  and  is  removed  from  the  system 
^^Shorted  pro'oe,  invalid  data 
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TABLE  5 

DAILY  SUT.IMARY  DATA  FOR  APRIL 


•u«t  yf  r.r-r.c-.-kr-.^r  rvi  1\f%#  * t*.4»  ▼»!»“ 

iSiLl  rt(\ru(\riHi’(i,c.  oocinHai  rUa  inc  riJuoc 


DA 

♦no*  4 rs 

OULH^ 

ni  4 r, 

OULHi^ 

CuLL 

SOLhiR 

r,n*  * 1% 

OiJc.Hr\ 

aa.  4 r, 

DULhl\ 

AuX 

Siin 

H0J3E 

rlECH 

STORE 

HIIO  1 

HOUSE 

AAi  ^ 4 

X'OLlrl 

n-r.  .1^1- 

0 1 Oi\C 

HoX 

•r  « 

IIVOUL 

JAiiTr,ii'r 

iivriJi  uutrui 

IiH3X 

STORE 

1 »A.  1 Al- 

ruuoc 

H0L13E 

il’crui 

LOAD 

ROOn 

TEMP 

1 c.i'ir 

TEilr 

3T0PE 

LG  33 

roiiK 

1 «.  1 !>/  f>  » 

uWa-t/ 

( nJ ) 

( nJ ) 

(iU ) 

( rl  J / 

( ri  J ) 

( ri  J ) 

( iiJ ) 

( (iJ  / 

(C) 

(C) 

( C) 

( C ) 

( i)  J } 

( I'i'J ) 

{ ri  J / 

1 

2.6 

oOt.O 

.0 

.0 

.0 

.0 

^AA  A 

OkO  . jL 

# » A A 

110, i 

314,7 

16,7 

AA  A 

iTiil 

A 

*"*4d 

AA  t 

•'16,4 

“13.0 

, r' 

3.2 

334.6 

.0 

.0 

t\i 

.0 

326 . 4 

446,4 

431,7 

17.7 

ilO  .i 

*4 

AA  A 

^.C*  J 

'14*2 

“10*4 

.0 

3 

7.4 

866.3 

210.9 

,0 

J 7r  -• 

1/ J./ 

•jr  n 
JJ.i 

r\r'  1 

iJ1./ 

409,9 

4oo,l 

13,3 

30*4 

A t 
0.1 

AA  1 

0.0.1 

1 i J ( y 

“12.1 

« A i 

XO.O 

A 

7.8 

341.7 

133.7 

.0 

r,/, 

00./ 

63,0 

1S3.1 

370,1 

007,7 

4 n , 

X7,1 

37.0 

J*/ 

22.0 

117*7 

“13*4 

11,1 

f 

j 

r*  A 

J.T 

696.7 

123,0 

.0 

83.3 

39.2 

137.9 

AAA  4 

iT/  ,i 

317,6 

r\n  n 
i.£  . iL 

43.3 

r\  4 

o.x 

AA  A 

00*/ 

JOv  J 

r.  4 4 

“OX*]. 

12.4 

0 

6.  j 

« A ^ 

/ 1^  .0 

AA  rt 

70.1' 

.0 

43.0 

33.0 

3^.3 

n 

iJO,0 

000,1 

23,1 

46.3 

6.6 

AA  A 

^C*/ 

J f A 

XO,0 

“23.2 

13,4 

7 

4.1 

* !“■* 
1JO./ 

31.1 

.0 

“143.3 

194.6 

133.6 

463,2 

370,1 

nn  ey 

-*rt  n 

07.7 

4*1 

A J A 

ox.o 

“13*2 

12,7 

10 

r\  n 
£.*1 

A*»  # 

TJt.l 

.0 

.0 

.0 

.0 

Ar-r* 

n".r~  r\ 
0/ 

414,4 

17.0 

AA  A 
00.0 

0.0 

0*^  r- 
00.0 

“4,6 

“13.3 

,0 

11 

4.7 

47J.3 

143,7 

.0 

113. 1 

30.6 

A n A A 

il'T.i: 

337,3 

3t?*7 

J 1. 

X/  .7 

33.3 

4*1 

nn  1 
00.1 

4- 

17,0 

“ij*6 

•*v  • 

7 .0 

li 

7.0 

1032.1 

397,3 

.0 

344.3 

33.0 

4 AA  A 

li/  .0 

A »•  A A 

i 

* S 

21.7 

» A Pi 
10.0 

6.1 

4»r.  / 

00.1 

AAA  1 

000,0 

“20.9 

xS,6 

4 •? 

n A 
/ 

r\~%k  n 

701.^ 

276,1 

.0 

n/)r-  r, 

iiJ.? 

fA  A 

Jt.i 

171.4 

343*6 

J A.  A A 

17/  *0 

26.1 

34*1 

13.3 

nry  ry 

00.7 

131.7 

AA  « 

“iio*y 

13*6 

J t 
11 

6«Z 

736.3 

179,3 

.0 

133 .9 

20.4 

31.7 

192,1 

J A / A 

i70»o 

27.6 

00 . 0 

14.1 

00 , '0 

O'J*  7 

"i3y*-t 

11,2 

1j 

r-  A 
JlO 

OOJ.  J 

aA-»  ! 
^00*0 

.0 

A / A -* 

i17  . J 

34.3 

1.-.  # 
£/  .1 

4 A 4 A 

101  ,/ 

267*2 

AA  A 

ilOt  V 

Jo ./ 

10.6 

AA  A 
00*0 

“00 , 0 

A A A 

~l3  */ 

X/  , 7 

16 

7*6 

1043.7 

3j6*1 

.0 

AA-*  A 

iO/  . 7 

lies.*: 

.0 

r»T.n  n 

i-OOti. 

A^-t  1 

ilO/  * 0 

r,*,  n 
»!/  .Vr' 

34*7 

11 .4 

00.0 

63.1 

A A rv 

•■*:/  *7 

22.7 

4 *« 
11 

1 tl 

1\T4?  k\2 

366,9 

.0 

AA  -f 

i71.  J 

74.6 

.V 

194,6 

4 •?<■»  4 

100:, 1 

O'  0 
^0  » ; 

60*3 

16*6 

AA  A 

i.t*/ 

90*3 

"00*0 

ryiy  -y 

i-'J , / 

13 

7.3 

n t n • 

740.1 

314.3 

.0 

^ A 4 

ouo.l 

6.4 

.9 

149,3 

146,2 

£^0  1 0 

63,6 

xo.o 

AA  H 

loo*3 

• * A 

“1i  .7 

XO  ,0 

It 

6.0 

763.2 

147.6 

. 1 

143.3 

0 ./ 

-•n  . 
00.1 

161,9 

i0'.',1 

r\-»  r> 

i/  .i 

AA  # 

/0,1 

17  *3 

ilJt 

A J A 

“ill*? 

“43*2 

12,6 

20 

•*  'S 

/ .0 

770.4 

4 r"«  A 

lJ\7«i 

.4 

4 / A 

1^7*0 

* i/ 

fv  n 

i.7 

122,9 

71,3 

27.4 

71,3 
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* Lost  data,  tape  not  changed 
■^■■*Solar  pump  replaced 
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TABLE  6 

DAILY  SUMMARY  DATA  FOR  MAY 
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TABLE  11 

MONTHLY  UTILITY  RECORDS  OF  GAS  AND  ELECTRIC 


im 


Gas 

Elec 

ccf 

Id/h 

January 

506 

1200 

February 

512 

1304 

Mcirch 

430 

1355 

April 

384 

1205 

May 

194 

1080 

June 

142 

968 

July 

78 

1133 

August 

28 

1005 

September 

20 

954 

October 

44 

1061 

November 

66 

1141 

December 

194 

1170 

1979  1980 


Gas 

Elec 

Gas 

Elec 

ccf 

ccf 

370 

1211 

270 

1116 

532 

1148 

390 

1266 

404 

1045 

370 

1128 

296 

1086 

340 

1260 

256 

1214 

210 

1125 

140 

995 

50 

1124 

56 

796 

80 

966 

32 

1048 

40 

960 

24 

914 

34 

948 

58 

1170 

196 

977 
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TABLE  12 

GREAT  FALLS  DEGREE  DAY  DATA 
(Degrees  Celsius) 


Month 

Long-Term 

Average 

1978 

1979 

Degree  Days 

Ratio 

Degree  Dayc 

Ratio 

J anuaiy 

766 

986  • 

1.28 

1004  - 

1.31 

Fehruary 

597 

783 

1.31 

717 

1.21 

March 

594 

536 

.90 

517 

.87 

April 

360 

345 

.96 

401 

1.11 

May 

203 

233 

1.15 

231 

1.14 

June 

90 

58 

.64 

61 

.68 

July 

10 

30 

3.00 

10 

1.00 

August 

23 

31 

1.35 

8 

.35 

September 

144 

131 

.91 

58 

.40 

October 

291 

275 

.94 

267 

.92 

November 

506 

682 

1.35 

521 

1.02 

December 

663 

8l8 

1.23 

518 

.78 

TOTAL 

4257 

4908 

1.15 

4313 

1.01 
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Fi^re  1:  Front  View  of  Kil'by  House 


Collector  Array 
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gure  3:  Floor  Plan  of  KiH./  House 


EQUINOX 
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Figiire  4;  Shading  Diagram  for  Concentrating  Collector  Arr 
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Figure  6:  Schematic  of  Kilhy  Solax  System  Shov;ing  Placement  of  Monitoring  Transducers 
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Figure  7:  Auxiliary  Gas  Boiler 
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(a)  Collector  loop  flow  meter 
@ DIB'/  flow  meter 

Solar  DHIr^  preheat  tank 


Figure  8:  Solar  Heat  Exchangers,  Pumps  and  Plumbing 


Solau*  collector  heat  exchanger 
@ Solar  DHW  preheat  tank 
@ Solar  to  DB'/  flow  meter 
@ Storage  loop  flow  meter 


Figure  9 


Solar  Heat  Exchangers 


TYPIS: 


FIGURE  10 
Tn/JISBUCI7.>  LOG 
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S - SOLW^ 

T - KILBY  HOUSE 

Dl'  - DUCT  a'U'lP 

ST  - STA'J'US 


DISK  // 

RS  // 

PROBE 

TYPE 

LOCATION  AND  MOUlTTniG 

1 

1 

3 

S 

Solar  Transducer; 

Mounted  on  face  of  Traclcing  Collector 

2 

2 

P 

Auxiliary  Electricity:  Amp  clainp  in  Solar 

System  Control  Room  monitoring  auxiliary  power 

3 

5 

4 

s 

Solar  Trancducer;  Stationary  mount  facing  south 

4 

6 

relay 

ST 

Collector  Pump  Status;  A relay 
connected  in  parallel  with  Collector  Pump 

5 

7 

relay 

ST 

House  Circulation  Pximp  Status; 

A relay  in  parallel  with  House  Pump 

6 

8 

ST 

House  Mode; 

Pneumatic  switch  to  indicated  Solar/Boiler  mode 

7 

9 

C 

Collector  Efficiency;  Calculated  on  line 

8 

10 

c 

Collector  Output;  Calculated  on  line 

9 

11 

c 

Solar  Heat  to  House;  Calculated  on  line 

10 

12 

c 

Boiler  Heat  to  House:  Calculated  on  line 

11 

13 

K-13 

Flow 

Domestic  Hot  Uater  Plow;  A flow  meter  in  the  cold 
water  line  to  the  Domestic  Hot  Uater  Preheater 

12 

14 

K-14 

Flow 

Solar  to  DHW  Exchanger  Flow;  A flow  meter  in  the 
line  between  the  DIR'/  Exchanger  and  the  Storage  Tanks 

13 

15 

K-15 

Flow 

Solar  Heat  Exchanger  Plov/;  A flow  meter  in  the  stor- 
age loop  measuring  flow  through  the  Heat  Exchanger 

14 

16 

K-16 

Flow 

House  Loop  Flow;  A flow  meter  in  the  house 
radiator  loop  measuring  flow  through  the  Radiators 

15 

17 

T 

Collector  Inlet;  A temperature  probe  on  the  pipe 
leading  from  the  Heat  Exchanger  to  the  Collectors 

16 

18 

34 

T 

Collector  Outlet:  A temperature  probe  on  the  pipe 
leading  from  the  Collectors  to  the  Heat  Exchanger 

17 

19 

19 

T 

Heat  Exchanger  Inlet;  A temperature  probe  on  the  pipe 
leading  from  the  Storage  Tanks  to  the  Heat  Exchanger 

18 

20 

T 

Heat  Exchanger  Outlet;  A temperature  probe  on  the  pipe 
loading  from  the  Heat  Excliengor  to  the  Storage  Tanks 

19 

21 

25 

T 

Solon  to  Aiii-j  Preheat  Tank: 

A temperature  proDc  on  the  pipe  loading  from 
the  Storage  Tanks  to  the  DHN  Preheat  Tank 

20 

22 

6 

T 

Solar  from  DIRI  Preheat  Tfuik; 

A temperature  probe  on  the  pipe  leading  from 

30 


TYPIiS; 

S - 

T - t:-:!!? 

I)T  - DUCT  "UD'iP 
ST  - STATUS 


FIGURE  11 
TR/JTSDUCER  LOG 

JOLBY-Jiouas  (coat.) 


P - POWh’i^ 


J'lSK 

HS  -H 

PROBE 

ITPE 

LOCATIOn  AND  MOUNTING 

21 

23 

2 

T 

From  Solar  Stora^;e:  A temporaturo  probe  on 
the  pipe  loading  out  of  the  Storage  Tanko 

22 

24 

35 

T 

Control  Room  Air  Temperature: 

A temperature  probe  hanging  from  the 
ceiling  of  the  Solar  System  Control  Room 

23 

25 

10 

T 

(DUW)  Cold  V/ater  Inlet:  A temperature  probe 
on  the  inlet  to  the  DH*/  Preheater  from  mains 

24 

26 

1 

T 

(DHW)  Preheated  Water  Outlet:  A temperature  probe  on 
the  outlet  of  the  LIS*/  Preheat  Tank  in  Control  Room 

25 

27 

12 

T 

(DHl*?)  Preheated  Water  Outlet/Auxiliary  Heater 
inlet;  A temperature  probe  on  the  line  from  the 
Preheater  to  the  Auxiliary  Heater  at  the  house 

26 

28 

13 

T 

fDIM)  Auxiliary  VJator  Heater  Outlet: 

A temperature  probe  on  tlie  hot  water  outlet 
pipe  of  the  Auxiliary  Water  Heater 

27 

29 

14 

T 

Hot  Water  to  House  Load:  A temperature  probe  on 
the  hot  vmter  pipe  to  the  House  Radiator  System 

28 

30 

15 

T 

Return  from  House  Load:  A temperature  probe  on 
the  return  pipe  from  the  House  Radiator  System 

29 

31 

17 

T 

House  Air  Temperature: 

A temperature  probe  in  the  Living  Room 

30 

32 

18 

T 

Ambient  Air  Temperature:  A temperature  probe  behind 
the  framework  of  the  Collectors  on  the  Garage  Roof 

31 

33 

C 

Solar  DHl'f  at  Preheat  Tank;  Calculated; 
heat  added  to  DH17  at  the  Preheat  Tank 

32 

34 

c 

Solar  DI5\^  Line  Loss:  Calculated;  heat  lost 
in  DITW  between  the  Control  Room  and  the  House 

33 

35 

c 

Solar  DHI7  Delivered  to  House:  Calculated; 
hoat  nddod  to  Dffl'I  minus  lino  loss 

34 

36 

c 

Avixiliory  DH17:  Hoat  added 

to  the  DH17  by  the  Auxiliary  VJater  Heater 

35 

37 

c 

Solar  Heat  from  Exchanger:  Calculated; 

Heat  added  to  Storage  System  Loop 

36 

38 

c 

Solco:  to  DHI7  Tank: 

Calculated;  heat  to  DIM  Heat  Exchanger 

37 

39 

c 

Solar  to  Storage: 

Calculated;  heat  to  Storage  Tanks 

38 

40 

T 

Storage  Temperature:  A set  of 

averaging  temperature  probes  on  the  Storage  Tanks 

31 


ir\ 


CNJ 


Figure  12:  Graphical  Presentation  of  Hourly  Data  for  Five  Days  in  March 
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Figure  13;  Graphical  Presentation  of  Hourly  Data  for  Five  Days  in  April 


TEMPER ATURES 
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Fif^are  14:  Graphs  of  Daily  Data  for  the  Month  of  March 
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Figure  15:  Graphs  of  Daily  Data  for  the  Month  of  April 
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TABLES  OP  HOURLY  PERFORMANCE  DATA  FOR  KILBY  HOUSE 
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APPI'^NDIX  II 


DATA  ACQUISITION  SYSTIII 


II-2 


A low  cost  data  acqniBition  system  was  developed  for  solar  performance 
monitoring  and  is  pictured  in  Figure  1 on  the  following  page.  The 
heart  of  the  system  is  a Radio  Shack  TRS-80  computer  having  a 4K  memory. 
This  system  has  the  capability  of  40  input  channels  and  is  controlled  by 
a Level  II  BASIC  program  which  allows  the  user  to  structure  data  sampling 
and  processing  procedures.  Calibration  constants,  error  checks,  scan  rate, 
data  averaging,  printing,  etc.,  can  be  manipulated  using  this  program 
capability.  A real  time  clock  within  the  a/D  converter  chassis  is  used 
to  time  the  data  output  on  the  cassette.  Scanning  at  an  average  rate  of 
40  channels  per  five  seconds,  the  data  is  averaged  at  the  end  of  each 
hour.  This  data  is  then  written  onto  the  cassette  recorder  for  processing 
at  a later  time. 

Temperatures  were  measured  using  AD-590  transducers  made  by  Analog 
Devices.  A BASIC  computer  program  was  used  with  the  data  acquisition 
system  to  calibrate  the  probes  against  a precision  thermometer.  The 
absolute  accuracy  of  the  temperatures  measured  is  better  than  0.5^C  ( 1^'*) , 
while  the  accuracy  of  small  temperature  differences  is  0,1°C  (0,18^F). 

Total  solan  radiation  on  the  collector  surface  was  measured  iising  a 
silicon  cell  pyranometer.  The  device  was  manufactured  by  the  contractor 
and  is  mounted  in  the  plane  of  the  solar  collector.  The  device  has  been 
referenced  to  NOAA  Standards  v/ith  an  estimated  overall  accuracy  of  5^. 

Electric  power  is  measured  using  clamp-on  ammeters  calibrated  on-site 
against  the  utility  ki'/h  meter.  The  status  of  motors,  dampers,  curtains 
and  fans  is  determined  using  appropriate  relays,  microswitches  or  mercury 
sv/itches, 

Flov;  in  liquid  systems  is  measured  using  Hersey  IvrVR-30  turbine  meters 
ivhich  have  been  interfaced  to  the  DAS,  Flow  in  air  systems  is  mapped  using 
a hot-wire  anemometer  for  a one-time  measurement  to  characterize  the  flow. 
Status  switches  and  software  combine  the  one-time  measurements  to  calculate 
appropriate  heat  flow  quantities. 
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Video  display  of 
current  data  scan: 

40  channels,  time,  date 


Keyboard  for 
controlling  system 

(l)  Cassette  for  storing 
data  and  programs 


40  channels  analog 
input,  a/d  conversion 
(12  bit),  real  time 
clock 


Power  supply  for 
computer  and  a/D 
interface 


12V  battery:  powers 
system  up  to  5 hours 
in  the  event  of  a 
power  shortage 


Figure  L:  Computer-Based  Data  Acquisition  System 
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ABSTRACT 

Thla  papar  diaouaaaa  axparlmantal  problaoa 
and  taoholeiuaB  aBaoelatad  with  maasuring  tha 
tharaal  parformanca  of  paaaiva  aolar  haatad 
houaaa.  Sanpla  data  frra  tbraa  projaota  ia 
praaaatad  to  llluatrata  laportaat  faaturaa  of 
tha  boQsaa  aod  to  daaonatrata  tha  aathods 
oaad  to  raduoa  azparimaatal  arror. 


1.0  DlTROllOCTION 

During  tha  paat  two  yaara  wa  hava  moniiorad 
tha  parfomanoa  of  twalva  aolar  haatad  pro- 
jaota  ia  Montana.  Thraa  of  tbaaa  projaota 
oaad  paaaiva  aolar  haattngi  (a)  a watar- 
wall  raaidaaoa,  Figura  1;  (h)  an  aarth  ahal- 
tarad,  auB-«paoa  raaidaaoa,  Figura  2|  (o)  an 
aarth-«haltarad,  paaaiva  graanhouaa,  Figura  3. 
Saeh  of  thaaa  projaota^waa  aonitorad  for  two 
to  thraa  noatha  during  tha  wlatar. 


Fig.  1i  Hatar  wall  ayataa  in  raaidanoa 

Data  Igrpioally  oonaiatad  of  around  20  ohaaaala 
of  lafoTMtlon  laoludlag  aolar  iaaolation, 
alaotrle  powar,  auxiliary  powar  and  naoj  taa- 
paraturaa.  Tha  data  ao^niaition  ^rataa  uti- 
lizad  a Radio  Shack  TRS-<60  niorooaaipatar  hav- 
ing m k/D  iatarfaoa  nd  a raal  tlaa  olook. 

Tha  qrstaa  aaaplad  all  ohanaala  about  600 


tiaaa  eaoh  hour  and  atorad  hourly  avaragaa  on 
eaaaatta  t^a.  Tho^raaolutlon  of  tanparatura 
manaaranant  waa  0.1°C. 


Fig.  2>  3un'«paoa  daaign,  aarth  ^altarad 


2.0  aCAT  RAUNCg  CALCOUTIOW8 

Rant  balanoa  oaloulaticna  provide  tha  final 
gauga  of  aoonracy  in  a parfonanea  nonltoring 
projaot.  Tha  haat  balaatea  aquation  along 
with  typical  oonponanta  ara  ahown  on  tha  fol- 
lowing paga. 
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UPOT  BnROT 
3ol«r  Oala 
Aox*  PttinMO* 
laoid* 

Wood  Stovo 


STORED  OnSOT 
PmoIto  Wall 
Slob 

Struotnro 

Coataito 


OUTPOT  BfXROT 

Coaduotioa 

lafiXtrotloa 

Coavootlon 

Radlatioa 


Wo  igrplooll/  txy  to  moacuro  oTaxytMac  oa  tho 
lofV4uad  aldo  of  tho  oqoatloa.  Tho  output 
toxm  oa  tho  rl^t  lo  dotomiaod  froa  a oal- 
oulatod  boat  load  factor  oad  aoaaurod  iaaldo- 
ombloat  toaporaturo  dlfforoaoo. 

la  oaoh  projoet  thoro  oro  ooao  itoaa  ia  tho 
boat  halaaoo  oquatloa  that  aro  wall  taaom 
whllo  othor  ItoBS  haoo  groator  uaoortalaty. 
Tho  aala  taak  of  aaaljroiag  tho  data  io  to  uso 
tho  boat  halaaoo  roquiroaaat  to  Idoatify* 
qnaatify  oad  roduoo  (if  poosihlo)  tho  orrer 
la  tho  ladlTidBal  Itoaa* 


Tho  boat  halaaoo  ia  oraluatod  ia  throo  tiaa 
fraaoat  (a)  hourly  aTorago«  (h)  dally  avor~ 
ago  aad  (o)  aoothly  arorago*  la  tho  noathly 
tlao  frwoy  tho  rtorago  tozaa  of  tho  oquatioa 
aro  aoarly  zoro*  Thla  allowa  a toot  of  tho 
ana  of  tho  iaputa  agaiaat  tho  oaloulatod  loaa. 
If  thoro  aro  dlaoropaBOioa  ia  tho  halaaoo^  a 
atu4y  of  tho  dally  and  hourly  boat  halaaooa 
will  uaually  idoatifjr  tho  toxa(o)  oialng  tho 
uabalaaeo*  Thoro  aro  alwayo  auh  oota  of  tho 
data  whoro  oao  or  aoro  of  tho  iaputa  aro  lore 
or  aaall;  for  oKaaplo,  olaudy  diya  whan  tho 
aolar  ia^  waa  soar  laroy  waxa  daya  ohoa 
auzlliazy  host  waa  boot  soroy  diya  whoa  tho 
wood  atoTo  waa  aot  uaodf  oto*  Thooo  auh-aoto 
allow  a boat  halmoo  toat  of  tho  roaalalag 
itoaa  ia  tho  ocfuatioa* 

Our  data  aaalyala  prooodoroo  coaaiat  mainly 
of  ropoated  itoratiouB  of  hourly)  dally  aad 
monthly  boat  halaaooa*  Unoortala  Toriabloa 
auoh  as  tho  boat  output  froa  a wood  otovo, 
host  loaa  oooffioionts  of  largo  lasulatod 
oollootor  windows  and  boat  storage  in  largo 
maasoa  are  gradually  defined  using  thla  pro- 
ooos. 


3,0  wgAsreiirQ  TH8  Btroonr  ihpots 

Tho  solar  eaorgy  input  ia  tho  moat  aiaple 
ooao  ia  tho  oolar  flux  aoaaurod  hohiad  tho 
window  aultlpliod  hy  tho  area  of  tho  window. 
If  tho  solar  flux  lo  aoaaurod  outoido  tho 
window  a factor  for  oTorall  tranaaiasloa  aust 
ho  used.  A thoraal  pyrsnooMtor  maj  ho  ia  er- 
ror wh«t  tilted  and  a siliooa  ooll  radloaotor 
asgr  ho  la  error  if  used  hohiad  tho  glaslag. 
Soao  oollootors  aro  partially  shaded  hr  oror- 
hsags  or  trees  sad  the  resulting  Tariablo 
aperture  aust  ho  aooeuatod  for  ia  tho  aaaly- 
aia. 


Wo  monitored  one  projeot  whore  the  movahlo  in- 
sulation was  in  two  indopondont  sootlono. 

These  eaotlona  wore  operated  manually  hy  the 
owner  on  a fluctuating  schedule.  Once  we  os- 
tahllshed  tho  status  of  the  insulating  systaa 
wo  had  to  account  for  four  poosihlo  oonditiono 
of  heat  loss  and  solar  gain  each  hour! 

Tho  aoxiliaxy  furnace  heat  output  is  usually 
calculated  from  inlet  and  outlet  teaperature 
and  flow  rate  measurenents.  Measuring  air 
flow  is  often  difficult  due  to  short  sections 
of  duct,  poor  physical  access  and  irregular 
flows.  The  aocuracy  of  measuring  tho  fUmaoe 
output  on  the  site  msy  he  only  ^ 10  perosnt. 

Inoldantal  electric  input  ia  due  to  heat  from 
lighting  and  appllanoas.  The  on-oito  moas- 
uremoat  is  normally  limited  to  total  eloctric 
power  sntoring  the  envslopo.  If  tho  house  has 
an  electric  water  heater  or  clothes  dryer, 
only  a portion  of  the  total  electrical  input 
is  dissipated  within  tho  smrolopo.  We  use  a 
factor  hotwoon  0.6  aad  0.8  for  these  houses. 
Incidental  olootrlo  dlaaipatioa  may  account 
for  10  porooat  of  the  heating  roquirmaonto  so 
it  cannot  ho  igaorod  in  the  heat  halaaoo. 

Many  of  our  monitoring  projoota  iaoludo  wood 
atoreo  which  prowida  10  to  40  poromt  of  tho 
heat  load.  We  do  not  loww  of  an  soourate  and 
slaplo  way  to  moaaaro  the  output  of  a wood 
Stowe  ia  situ*  Wo  approxlaato  tho  store  out- 
put ty  measuring  the  toaporaturo  at  a point 
oloao  to  tho  otovo  nd  subtracting  tho  tom- 
porature  of  a point  roaoto  from  tho  store. 

This  differoBoo  io  multiplied  hy  an  ampirieal 
factor  which  is  dorired  from  tho  hourly  boat 
halaaco  data.  This  approach  is  cloarly  ap- 
proximate hut  wo  have  looked  at  several  thou- 
sands of  hourly  heat  halanoea  which  verify 
its  utility. 


4.0  MEASPRISO  STORED  amCT 

Passive  projects  use  largo  volumes  of  low- 
tanperature  storage  mass.  Tho  heat  oxohangoo 
hotwoon  tho  house  air,  oolar  radiation  and 
theso  storage  olemonts  is  very  complex  aad 
difficult  to  measure.  The  oonooptual  sMdol 
wo  uso  for  oaoh  storage  olemant  to  calculate 
hourly  heat  halanoos  is  "an  offoctivo  nuo  at 
a uniform  tanporaturo".  Tho  atorod  heat  is 
than  the  tomporaturo  ohaago  per  hour  nultipliad 
hy  tho  thoraal  mass.  In  praotloo  tho  mass  io 
usually  aot  well  doflaod  ( slabs,  oarth-contaot 
oonoroto  walls,  etc.).  The  tamporaturo  moas- 
uromonts  aro  praotioally  limited  to  a small 
number  of  prohoo  and  tho  probes  can  often  ho 
mounted  only  on  tho  surface  of  tho  thermal 
mass. 


Tho  interior  shading  duo  to  movahlo  insula- 
tion must  ho  knowu.  Tho  status  of  tho  movar- 
bio  insulation  oan  ha  oonsod  with  switohes, 
an  inside  oolar  traasduoor  or  tamporaturo 
prohoo  hotwoon  tho  glazing  and  tho  ourtain. 


Passive  otorao  walls  may  hare  a thermal  o^a- 
oity  of  30  NJ/*C  and  underground  oonoroto  in 
OB  oartb-aholtorod  house  may  hare  a thoraal 
oapaoi^  of  wall  over  100  NJ/ C.  Tho  hourly 
tamporaturo  ohaago  la  thooo  storage  olouanta 
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la  oftaa  smoh  laas  ihas  1°C.  Thla  aaaJLl 
taaparaiura  ebaaga  plaoaa  airlot  raaolutlon 
raqulraaaaia  ea  the  twiparatara  aaacorlag  ia- 
aimaantatloa.  Oar  laatzaMaatatioa  oaoa  a 
12  bit  k/H  ooBvartar  whlab  raaalta  la  a raae— 
lutioe  of  O.vC  par  bit.  Tha  data  ajrataat 
taowavar,  airaragaa  about  600  oaaplaa  par  bear 
wblob  al0iifleaatl]r  laoraaaaa  tba  raaolutioa. 
Tbaaa  aaaragad  valaua  ara  atorad  oa  tba  data 
tapa  to  a raaolutioa  of  0.01°C.  Wa  tblak  tba 
affaptlTa  raaolutioa  of  tba  ajrataai  la  arouad 
0.05  u wblob  baa  prevan  ada^piata. 

Tba  affaot  of  tbaaa  lioitatloaa  la  to  oauaa 
a pbaaa  lag  la  tba  hourljr  beat  balaaeaa. 

Aftar  looklag  at  a buadrad  or  a tbooaaad 
bonrljr  data  aotot  tbaaa  pbaaa  laga  oaa  uau- 
all7  ba  raoo0iisad  aad  tba  aaalyat  will  foal 
ooofortabla  wltb  tba  aoonraoor  of  tba  data. 
Nora  alaborata  ooaoaptual  nodala  wbiob  ao— 
oonat  for  tba  traaalant  atoraga  lag  da  not 
i^paar  Juatlflad  at  tbla  tiaa. 


5.0  HSAT  LOSS  nmiMlXATIOT 

Ha  bava  not  aada  apaoiflo  baat  loan  or  Infil- 
tration naaauraaianto  i»  tba  bouaaa  wa  bava 
aonltorad.  7or  baat  looa  wa  atart  wltb  an 
ASHRAS  calculation  to  dataraina  a baat  loaa 
faetor,  NJ  c'''br‘*  . Tbla  factor  la  multi- 
pllod  bgr  tbe  naaaurad  bourly  tanparatura 
diffarnoa  and  tba  baat  balanoa  o^fuatlon  la 
ovaluatad  ovar  tba  antlra  data  aat.  Aftar 
loaklag  at  aalaetad  bourljr  balanoaa  and  ovar- 
all  avaraga  balanoaai  tbla  faotor  la  adjuatad 
If  naoaasary.  (Tba  aSBRAS  faotora  ara  uau- 
alljr  oonaarvatlva  bx  10  to  20  paroant.) 


6.0  NOTABLE  DTSOUTION  PROBLSNB 

Wa  bava  apant  a lot  of  tlna  trxing  to  figure 
out  tha  tbarmal  babavlor  of  novabla  laaula- 
tion  ^ratema  on  tha  aparturea  of  our  paaaiva 
projacta.  Aa  diaouaaad  previoualxt  1'^  1>  a 
non-trlvlal  Inatruaentatlon  problan  to  pro- 
vide probea  wbiob  aenaa  tbe  openi  oloaed  or 
intarBadlato  atatua  of  the  movable  inaula- 
tlon.  This  atatiia  directly  detemlnaa  tbe 
aolar  beat  entering  tba  bouae  (a  large  num- 
ber). Tba  beat  loaa  coaffiolent  of  tha  bouae 
will  alao  vary  by  a faotor  of  1.2$  to  2,  de- 
pending on  tba  inanlation  atatua.  Naaningful 
heat  balanoaa  are  lopoaalble  If  the  Inaola- 
tion  atatua  la  not  aeourataly  known. 

Wo  alwaya  aaaaure  tba  tanparaturo  of  tba  air 
between  tba  movable  inanlation  and  tha  glat- 
(T apace)*  Tbla  baa  proven  to  ba  a final 
Indioator  of  ourtain  atatua  If  other  aobenaa 
will  not  woxic.  Thia  naaaaraaant  alao  allown 
oaloulatien  of  tba  affaotlva  baat  tranafar 
ooafflolant  of  tba  ourtain  uaing  the  eqoatloni 

T - T 

_ bouae  apace 

" ’apace  “ ’anbiant  * 


where  ngiuing  la  takm  from  a handbook.  Ta- 
ble 1 auanarlzaa  affaotlva  U data  far  four 
different  aenrabla  Inanlation  ^ratana.  Syatana 
At  C and  S ware  Inaulatad  fabrio  abadaa  aad  B 
waa  a foan  penal  Cretan. 

TABU  It  M07ABU  IH80LATX0N  3DNNART 


Tbioknass 

om 

Baslfli  U 

Hm"®®C"’ 

Naasurad 

Hn“**C"’ 

A 

15.0 

0.28 

1.12 

B 

7.6 

0.43 

5.6 

C 

3.8 

0.94 

3.24 

B 

0.7 

1.41 

2.8 

7.0  SAMPLE  HDCRU  BATA 

Table  2 abowa  hourly  enartgr  balanoaa  and  ten- 
paratura  data  for  tba  underground  Baa*4paoa 
bouaa.  Tba  UPPER  aad  LOWER  parta  of  tba  paa- 
aiva window  ara  oonaidarad  indapandantly  alnoa 
tbaaa  Inanlation  ayatana  ara  Independent.  On 
thin  aunny  day  only  tba  upper  Inaolatlon  waa 
renovad.  Tha  air  apace  of  tha  lower  Inaola- 
tion  (LOWER  CURT)  got  up  to  78**C  at  2 p.n. 

Tba  analyaia  routine  oomputad  aolar  gain 
through  tha  curtain  end  thla  ia  abown  under 
LOWER  SOLAR. 

Tba  PASS  WALL*  PASS  SLAB  aad  BODBE  NASS  ara 
tba  three  atoraga  elenanta  that  ware  Inatm- 
nentad}  aagntiva  nunbars  Indloata  tba  atoraga 
alenant  is  abeorblag  heat.  Tha  BEAT  PUMP  aad 
WOOS  STOVE  Input  ahow  tbaaa  hourly  inputs. 

Tha  sum  XHPOT  oolum  is  tba  algebraic  sun  of 
tha  first  aavan  input  and  storage  oolnans  and 
oonprisaa  the  laft^iand  side  of  tba  energy 
balanoa  aquation.  CALC  LOSS  is  tba  oaloulatad 
bouse  heat  loss  ooaffiolant  tlaas  tba  actual 
tanparatura  differenoa.  Tba  ronalning  oolunns 
ara  tanparaturas  of  tba  storage  aleaants,  tba 
bouse  air  at  three  locations,  tba  insulating 
ourtain  air  space.  Tba  last  oolum  is  tba 
baat  posp  alaotrloed  energy  Input.  (Tba  dally 
average  C.O.P.  wim  2.44.) 

CoBiparing  tba  SUNN  EfPTTF  and  CALC  LOSS  oolussis 
gives  an  hourly  test  of  tbs  baat  balance.  Tba 
hourly  balanoaa  for  thia  "complicated”  day  ara 
remarkably  close  and  tbe  daily  totals  on  tbs 
botton  line  agree  almoat  exactly.  Typically, 
the  dally  total  beat  balanoa  Is  ^ 20  paroant. 
Tba  fluctuations  in  tba  hourly  beat  balances 
ara  due  primarily  to  tha  BOUSE  HASS  term  which 
results  from  multiplying  tjmaratura  obangaa 
in  tba  BACK  WALL  by  12;  MJ°C  . Tbasa  tenpar- 
atura  obangaa  ara  only  hundredths  of  a degree 
Celsius  par  hour.  This  data  demonstrataa  tba 
resolution,  stability  and  sampling  problems  in 
dealing  with  large  passive  storage  nasaas. 

Table  3 lists  soma  overall  parformanoa  summary 
data  for  three  passive  projaots  wbiob  ware 
each  menitorad  for  two  to  throe  months  during 
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TABLE  2:  SAMPLE  HODHLT  DATA  AMD  DAILY  TOTAI^  PTO  3OT-BPACE  DESIOW,  1/28/8O 


HR 

87PER 

LCIfli 

PSSS 

PASS 

HU3E 

HRAT 

U33B 

SMI 

CALC 

PASS 

PASS 

BACr. 

SW 

REAR  HO'JSE  UPPER  LOUER  A5BT 

HEAT 

SXA? 

SCL« 

UnlJ. 

SLAB 

hASS 

PilP 

STOire 

IMPUT 

LOSS 

UAH 

SUB 

UALL 

SPACE 

TDF 

TER? 

cwr 

CURT  TERP 

PURP 

(W) 

(W) 

(hJ) 

(hJ) 

(W) 

(W) 

(U) 

(W) 

(W) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C) 

(C)  (C) 

(hJ) 

1 

.0 

.0 

2.0 

1.9 

2.5 

.0 

19.5 

23.9 

23.4 

21.52 

17.97 

13.65 

20.1 

16.6 

18.4 

-4.7 

5.2  -24,7 

.0 

2 

.0 

.0 

1.9 

1.7 

3.3 

.0 

18.4 

25.7 

23.1 

21.14 

17.81 

13.63 

19.2 

16.3 

17.8 

-5.5 

4.6  -24.8 

.0 

3 

.c 

.0 

2.0 

1.7 

5.0 

.0 

19.5 

23.2 

23.2 

20.74 

17.65 

13.60 

19.3 

16.1 

17.7 

-5.9 

4.3  -27.1 

.0 

♦ 

.0 

.0 

1.3 

1.9 

10.0 

.0 

19.2 

32.9 

23.4 

20.33 

17.47 

13.56 

18.9 

15.9 

17.4 

-4.2 

3.9  -29.6 

.0 

5 

.0 

.0 

2.0 

1.7 

10.0 

.0 

17.8 

31.5 

23.3 

19.99 

17.31 

13.43 

18.0 

15.4 

16.7 

-6.4 

3.4  -23.2 

.0 

6 

.0 

.0 

1.8 

2.4 

-6.3 

.0 

21.5 

19.3 

23.5 

19.44 

17.0? 

13.40 

13.5 

15.2 

14.9 

-6,7 

3.2  -23.3 

.0 

7 

.0 

.0 

I.O 

.4 

1.3 

8.9 

30.9 

42.3 

29,0 

19.45 

17.05 

13.45 

20.3 

15.9 

18.1 

-5.9 

3.1  -23.0 

3.5 

8 

.0 

.8 

-.1 

• 4 

3.3 

.5 

20.9 

25.2 

27.2 

19.47 

17.03 

13.44 

20.6 

15.7 

18.1 

13.1 

5.3  -28.2 

.4 

? 

15.1 

.0 

-1.3 

-.1 

-5.0 

.0 

18.3 

27.0 

27.4 

19.72 

17.04 

13.41 

23.2 

16.0 

19.4 

24.4 

22.5  -24.5 

.0 

LI 

10 

28.1 

6.3 

-7.9 

-3.2 

-11.3 

.0 

17.9 

30.0 

26.2 

21.30 

17.34 

13.45 

25.0 

17.6 

21.3 

31.6 

42.4  -22.4 

.0 

U 

tl 

36.9 

11.8 

-11.8 

-3.0 

-12.5 

.0 

17.7 

39,1 

25.4 

23.45 

17.42 

13.54 

24.7 

18.7 

22.7 

33.8 

58.9  -19.7 

.0 

IJ 

12 

42.0 

14.8 

-15.7 

-3.2 

-16.3 

.0 

.0 

21.6 

25,0 

24.79 

17.92 

13.64 

23.7 

19.8 

24.2 

33.0 

49.0  -17.5 

.0 

IJ 

13 

42.4 

16.3 

-15.9 

-3.2 

-8.8 

.0 

.0 

30.9 

24.9 

27.94 

18.22 

13.77 

M.O 

20.6 

25.3 

32.3 

74.6  -14.2 

.0 

IJ 

14 

39.9 

17.4 

-11.7 

-2.4 

-12.5 

.0 

.0 

30.5 

24.8 

32.27 

18.46 

13.84 

30,3 

21.1 

25.9 

33.1 

78.2  -15.4 

.0 

11 

15 

33.2 

16.6 

-5.2 

-2,2 

-6.3 

.0 

.0 

36.2 

24.8 

33.33 

18.66 

13.74 

31.0 

21.3 

24.1 

32.4 

76.4  -15.2 

,0 

u 

1& 

22.2 

13.3 

-1.6 

-1.6 

.0 

.0 

,0 

32.5 

24.8 

33.65 

18.81 

13.99 

27.7 

21.3 

25.5 

30.5 

46.5  -15.8 

.0 

u 

17 

7.1 

6.8 

5.0 

-.4 

5.0 

.0 

.0 

23.5 

24.7 

32.65 

18.85 

13.9? 

24.7 

20.2 

23.4 

26.1 

45.2  -17.7 

.0 

IJ 

18 

.0 

.0 

12.6 

1.4 

-1.3 

.0 

.0 

12.7 

23.8 

30.13 

18.72 

13.95 

22.8 

18.7 

20.7 

18.1 

23.5  -20.4 

.0 

u 

1? 

.0 

.0 

9.3 

1.3 

-1.3 

.0 

10.2 

19.5 

27.6 

23.23 

18.60 

13.94 

23.8 

13.7 

21.2 

7.5 

17.9  -22.5 

.0 

2C 

.0 

.0 

5.9 

1.3 

10.0 

.0 

11.5 

23.7 

27.8 

27.10 

18.48 

13.97 

23.5 

13.5 

21.0 

3.5 

14.1  -23.2 

.0 

21 

.0 

.0 

4.9 

1.7 

6.3 

.0 

11.5 

24,4 

23.2 

24.12 

18.32 

13.8? 

22.4 

18.1 

20.3 

.8 

11.2  -24,4 

.0 

22 

.C 

.0 

4.9 

2.2 

1.3 

.0 

11.3 

19.4 

23.2 

25.14 

18.12 

13.84 

21.4 

17.4 

19.4 

-.9 

9,3  -25.2 

.0 

23 

.0 

.c 

4.3 

2.0 

5.0 

.0 

11.3 

23.1 

23.5 

24.23 

17.93 

13.83 

21.2 

17.2 

19.2 

-2.2 

7.9  -24.1 

.0 

0 

.0 

.0 

3.4 

1.7 

5.0 

,0 

13.2 

23.3 

27.0 

23.60 

17.77 

13.79 

21.4 

17.0 

19.2 

-2.7 

7.0  -26.8 

.0 

267.0 

103.S 

-8.5 

4.) 

-12.5 

9.3 

270.8 

653.8 

454,4 

25.0 

17.9 

13.7 

23.5 

17.9 

20.7 

11.4 

27.4  -23.2 

3.8 

miiUwinter. 

The  storage  mass  has  ben  oate- 

least  0 

1.1  ®C 

for 

oolleotor  A T and  for  tho 

at 

gorlzed  to  show  how  oueh  storage  was  exposed 

per  hour  of 

largo,  passive  storage  masses. 

• 

to  dlroct  soXor  rmdlotlon.  Mote  thot  tho  ra/- 
tlo  of  aporturo  aroa  to  diraot  atorago  aaas 
has  a oloao  rolatloa  to  tha  tanparatura  awing 
in  tha  hollding.  Tha  taaparatura  swlnga  of 
tha  aon^rpaoa  hooaa  and  tha  graanhouaa  have 
bean  given  for  both  tha  front  (aun««paoe)  and 
the  rear  of  tha  house  baeausa  these  differ 
hjr  large  aaounts.  (Taoq^rature  awing  is  dailj 
wsxlaMm  sinns  dallor  sinianm  tanparatura.)  The 
table  also  shows  building  heat  less  ooaffi- 
elants  with  tho  aovahle  inaulation  in  place 
(closed)  and  reoiovad  (opeai).  These  differ- 
anoas  are  sl^xifioant  which  points  to  the  in- 
portaaoe  of  effleiaat  aanageaent  of  tha  aiova- 
ble  insulation  to  reach  high  aolar  fraotiona. 
The  graanhousa  has  no  aupplenantarr  heat  so 
tha  solar  fraotioa  was  1.0  bgr  definition. 

Tha  teaparaturost  howsvar«  dropped  below 
freezing.  If  tha  tenpenturas  had  been  main- 
tained to  an  average  20”C  tho  solar  fraction 
would  hscve  boon  0.73« 


8.0  STHOIAHT 

(1)  For  solar  performanoo  nonitorlng  tha  data 
accittisitloa  system  oust  be  smart  enough  to  do 
Booe  processing  and  averaging  on-line  to  cap- 
ture transient  events  while  at  the  same  time 
condensing  tha  outipnt  data.  A sample  rate  of 
600/hour  and  an  output  of  onoa  each  hour  seems 
about  right  for  many  projects.  Tha  recpilred 
tanperature  resolution  and  aoouraey  is  at 


(2)  The  installation  of  the  transduoem  re- 
quires oonsiderable  finesse  and  should  be 
dona  or  suparviaed  ty  someone  having  a grasp 
of  tha  overall  projaot.  Judgment  is  needed 
because  of  practical  limitations  on  tha  num- 
ber of  transducer  locaticns.  There  is  nor- 
mally no  baclcup  instrumentation  so  ^hat  if 
one  channel  of  data  is  lost  the  project  may 
be  lost.  The  probes  must  be  oarefully  in- 
stalled and  tho  raw  data  must  bo  inspected  as 
it  is  produced. 

(3)  The  project  is  not  finished  when  the  raw 
data  is  dumped  into  tablfss.  Considerable  in- 
terpretation, data  processing,  ero8s*«heclcing 
and  oonnon  sense  must  be  implied  to  the  data 
before  general  conclusions  can  be  drawn.  For 
each  month  of  hourly  data  wo  spend  nearly  a 
month  in  processing,  interpretation  and  re- 
porting. V/e  have  found  that  an  hourly  and 
daily  heat  balance  is  the  best  way  to  verify 
tho  data.  The  heat  balance  oan  identify  er- 
rors in  the  data  and  in  some  eases  points  to 
ways  to  correct  the  data. 

• 

(4)  The  TRS-^  based  data  acquisition  sys- 
tems have  performed  satisfactorily.  The 
flexibility  allowed  by  LETEL  II  BASIC  and  tho 
low  cost  of  the  (eystam  are  its  main  advan- 
tages. We  have  used  three  of  these  systems 
almost  continuously  daring  the  past  eighteen 
months. 
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TABLE  3:  PERFISaiAirCS  SOOURT  TOR  TERSE  PASS17E  PROJBCTS 


Water  Wall 

Sua^oaoa 

Oraanhouaa 

2 

Solar  Apartura  Area  (m  ) 

45 

33 

40 

Floor  Area  (m  ) 

210 

113 

74 

Direct  Storage  (MJ®c"^) 

52 

15 

14 

ladiraot  Storage  (MJ^C**^) 

8 

125 

80 

Heat  Loaa  Faoton  Op«i  Insulation 

1.10 

0.80 

0.86 

(MJ  hr“’®C"^)  A-raraga 

0.85 

0.69 

0.63 

Cloaad  Insulation 

0.75 

0.63 

0.43 

Solar  Fraotlon 

0.66 

0.50 

1.0 

ATaraga  Interior  Tamparatura,  ®C 

19 

20 

14 

Avaraga  Amhlant  Tamparatura,  ®C 

-11 

- 7.3 

- 6.7 

Taavaratura  Swlngt  Araraga 

(®c) 

6.4 

20.8 

14.^ 

Front  Claar 

Rear  ’ Day 

8.5 

2O 

Apartura  Area/ Floor  Area 

0.21 

0.29 

0.54 

Apartura  Area/ Heat  Loaa  Factor 

52 

57 

67 

Apartura  Area/Dlraot  Storage 

0.85 

2.2 

2.9 

(5)  Th«  actual  heat  loaa  ooafflolaat  of  four 
oorabla  iaaulatiou  qratam  wo  have  maaaurod 
art  far  graatar  than  tba  daalga  Yaluaa.  Tba 
actual  loaa  caaragaa  four  tlaaa  tha  daaijp 
Icaa  (Tabla  1)! 

(6)  TLa  oimara  of  tha  houaaa  hanra  eooparatad 
with  tba  aonltcrlBg  affort  aud  ara  lataraatad 
la  tha  data.  Tha  oauara  or  daaiguara  aaldoa 
hava  M aooarata  idea  of  how  wall  tha  qratam 
raalljr  worka. 
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